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2.
Summary
The e f f e c t s  of l o c a l l y  ap p l ied  high and low tem pera tu res  
on the  mel an op hor es of Phoxinus choxinus (L) a re  i n v e s t i g a t e d .  
The r e s u l t s  of v . F r i s c h  ( 1911) on Phoxinus and of Smith ( 1928) 
on Fundulu^ are  i n  genera l  confirmed and sev e ra l  new f e a t u r e s  
of the  re sponses  a re  desc r ibed .  The e f f e c t s  a re  found t o  
occur in  se v e ra l  sp ec ie s  of t e l e o s t  f i s h e s  b u t  a re  absent  i n  
o th e r s  of the  31 sp ec ie s  which are  newly in v e s t ig a t e d .
R ef lex  m edia t ion  of the  responses  from sensory endings i n  the 
sk in  i s  r e j e c t e d  and a new theo ry  i s  put forward t o  account 
f o r  the  phenomena observed. This r e q u i r e s  no novel 
anatomical  e lements  b u t  demands double r e c ip r o c a l  nervous 
c o n t ro l  of mel an op hor e a c t io n .
The q u e s t io n  of double i n n e rv a t io n  i s  r e in v e s t i g a t e d  by 
means of s e l e c t i v e  e l e c t r i c a l  accommodation i n  a nerve- 
melanophore p re p a ra t io n .  The experiments of v .G e le i  ( 19^ 2) 
in v o lv in g  the  use  of ergotamine as a s e l e c t i v e  blocking 
agent a re  confirmed bu t  the  arguments put forward by t h a t  
au tho r  f o r  the  pathways of melanophore d i s p e r s in g  f i b r e s  are  
shown t o  be f a l s e .  An a l t e r n a t i v e  theory ,  c o n s i s t e n t  w ith  
th e  r e s u l t s  of o th e r  au th o rs ,  i s  proposed t o  ex p la in  these  
r e s u l t s .  The p o s s i b i l i t y  t h a t  ergotamine r e v e r se s  the  
responses  of melanophores t o  sympathomimetic agents  i s  
examined.
The e f f e c t s  of c e r t a i n  o ther  s e l e c t i v e  b lock ing  and 
s t im u la t in g  drugs on the  responses  of mel anophores t o  
background co lour ,  extreme tem pera tu res  and e l e c t r i c a l
s t im u la t io n  a re  examined.
No conc lus ive  s o lu t io n s  t o  the  i n i t i a l  problems are  
reached b u t  s ev e ra l  new q u es t io n s  a re  r a i s e d  and sugges t ions  
f o r  f u r t h e r  experim enta l  work are  put  forward.
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CHAPTER I . INTRODUCTION
a. CoLcur Changée i n  T e l e o s t s .
The phenomenon of co lour  change i n  bony f i s h e s  has been 
known f o r  many c e n tu r ie s .  The development of the  microscope 
showed t h a t  the  sk in  pigments a re  o f ten  no t  un ifo rm ly  
d i s t r i b u t e d  b u t  a re  r e s t r i c t e d  t o  branched c e l l s  c a l l e d  
chromatophores. Movements of the  pigment g ranu les  w i th in  
th e s e  chromatophores, e i t h e r  aggregated  towards the c e n tre  
or d i s p e r s e d  among the  many f i n e  branches,  causes a change of 
t i n t  when th e  sk in  i s  viewed m acroscop ica l ly .  The most 
common type of chromâtcphore i s  the  melanophore, bear ing  the  
b la c k  pigment melanin.  I n  many f i s h e s  the  d i s p e r s io n  of 
melanin  w i th in  many neighbouring  mel anophores tends  t o  mask 
a deeper r e f l e c t i v e  l a y e r  of guanin causing the  f i s h  t o  
darken, while  ag g reg a t io n  of the  pigment i n  each melanophore 
r e v e a l s  the  r e f l e c t i v e  l a y e r  and the  f i s h  appears p a le .
Many workers have s tu d ie d  the  p h y s io lo g ic a l  mechanisms 
by which the  mel anophores a re  c o n t ro l l e d  bu t  d e s p i t e  much 
experiment and pub l ished  l i t e r a t u r e  many fundamental i s s u e s  
remain c o n t r o v e r t i b l e .  A g ene ra l  review of the  su b jec t  has 
been p u b l ished  by P a rke r  ( 19^8) .  A very  b r i e f  summary of 
th e  p r e s e n t  p o s i t i o n  i s  g iven  here and a f u l l e r  d i s c u s s io n  
of seme a s p e c ts  i s  p re se n ted  l a t e r  i n  the  t e x t  of t h i s  t h e s i s .
I t  i s  well  known t h a t  many chr omat op hor e- b e a r i  ng animals 
adapt t h e i r  co lou r  t o  a g r e a t e r  or l e s s e r  e x te n t  t o  match 
t h a t  of t h e i r  background. The re c e p to r  in vo lved  i s  th e  eye.
8.
P cachet  (I876) working on the  tu rb o t  ( Scophthalmus maxi mus L.) 
fo in d  t h a t  s e c t io n  of the sp in a l  nerves  p e r ip h e r a l  t o  the  
rami conmunLcantes caused a darkening of the  denerva ted  a re a  
of sk in .  V .  F r i s c h  (1911a) found s im i la r  e f f e c t s  i n  the  
minnow (Phoxinus nhoxinus L.) followed by very  slow co lour  
changes t o  match the  r e s t  of the  body (which responded 
normally  t o  background). By a s e r i e s  of nerve se c t io n s  he 
was ab le  t o  t r a c e  the  p a th  of the  melanophore motor nerves  
as shown i n  F igure  l a .  From the  b r a in  the  motor t r a c t  
p a s s e s  down th e  s p in a l  cord as f a r  as the  l e v e l  of the 
f i f t e e n t h  v e r t e b r a  and thence t o  the sympathetic  chain, j u s t  
b e fo re  t h i s  e n t e r s  the  haemal canal .  Then the  f i b r e s  run 
a n t e r i o r l y  and p o s t e r i o r l y  emerging through each ramus to  the  
a p p ro p r ia te  s p in a l  nerve and a l s o  pass ing  i n t o  the  t r ig em in a l  
( f i f t h )  c r a n i a l  nerve t o  serve  the  sldLn of the head. (These 
diagrams and those  of F ig u res  2, 33 and 3^ a re  g r e a t ly  
s im p l i f i e d  t o  show only the  nerve t r a c t s  concerned w i th  
chromatic c o n t ro l .  Rami o th e r  than  those  i n  the  reg ion  of 
v e r t e b r a  15, and the  c r a n i a l  ro o t s  of the  t r ig em in a l  nerve 
have t h e r e f o r e  been em it ted ) .  The f i b r e s  mapped i n  t h i s  
way were shown to  cause melanophore agg rega t ion  and p a l in g  
of the  sk in .  v . F r i s c h  claimed t h a t  th ese  f i b r e s  were 
c o n t r o l l e d  by a p a l in g  ce n t r e  i n  the  medulla and probably  
extending down the  sp in a l  cord, and t h a t  t h i s  ce n tre  was 
p robab ly  i n h i b i t e d  by a darkening ce n tre  somewhere i n  the  
m idbra in  or f o r e b r a i n .  S im i la r  conc lus ions  were reached 
by Adelman and Butcher ( 1937) on Fundulus h e t e r o c l i t u s  and
F(
in
ÛÛ
Q>
__C
JU
o  • -»
£oV
JC
O
«4
_C
JU
-5U)
. W
c
?
.V<y
0)
(J)
co
>
c4
-S ?
LL - 5
<r‘ LL. 
c
6
<r
VV
s
<  Û
<r
C
«#w
o_UÏ
<  ÛQ
1C.
by S ch ae f fe r  ( 1921) on P leu ro n ec te s  n l a t e s s a  a l though  the 
nerve f i b r e s  pass  frcm the  sp in a l  cord a t  the  1 0 th  and about 
the  6 th  v e r t e b r a e  r e s p e c t iv e ly  i n  these  sp ec ie s .
Many w r i t e r s  have suggested the  presence  of an opposing, 
darkening ,  or m elanophore-d ispers ing  s e t  of nerve f i b r e s  
w i th in  the  autonomic nervous system and v .G e le i  ( 19^ 2) 
claimed t o  have followed t h e i r  pathways i n  the  minnow as shown 
i n  Figure  l b .  So f a r  however th e re  i s  l i t t l e  d i r e c t  
evidence f o r  double i n n e r v a t i o n  and the  problem i s  d iscussed  
more f u l l y  i n  Chapter V.
The much slower co lou r  changes i n  response t o  background 
shown by denerva ted  a rea s  or by f i s h e s  which had been 
completely  ch ro m a t ic a l ly  denervated  were found by Smith ( 1931^) 
and Healey ( 19^8) t o  be due to  hormonal c o n t ro l  ( see  Spec ia l  
Note Chapter l e ) . This has been shorn t o  be mediated by 
the  p i t u i t a r y  gland, s ince  denervated ,  hypophysectomised 
f i s h  a re  in c a p a b le  of any background a d a p ta t io n .  I n j e c t i o n  
of crude e x t r a c t s  of minnow p i t u i t a r i e s  i n t o  normal minnows 
causes p a l in g  of the  e n t i r e  sk in ,  suggesting  the  presence 
of a melanophore aggrega t ing  p r i n c i p l e .  Healey (19^8), 
u s in g  r e f in e d  techn iques  f o r  nerve s ec t io n ,  made c a re fu l  
ana ly ses  of th e  time r e l a t i o n s  of  co lour  changes i n  both  
i n t a c t  and s p i n a l - s e c t i  oned minnows. To th ese  r e s u l t s  he 
ap p l ied  the  arguments of Hogben and Slcme (1 9 3 D  f o r  th e  
e x is te n c e  of a second, melanophore d i s p e r s in g  hormone 
opposed to  the  a c t i o n  of the  f i r s t .  This was a l so  done by 
Waring (19^2) f o r  the slow Immoral co lour  changes of A n g u i l la.
11.
The hi humoral hypothes is  and the  l o g i c a l  b a s i s  of Hogben 
and S lo n e 's  arguments have been c r i t i c i s e d  r e c e n t ly  by 
Kent (195’9) and the  p o s s i b i l i t y  of a melanophore d ispers ing  
p r i n c i p l e  i s  s t i l l  open. F u r th e r  d i s c u s s io n  of these  
problems i s  beyond the  scope of the  p re se n t  s tudy.
Chromatophores have a l s o  been shown to  a c t  as 
independen t  e f f e c t o r s  i n  response to  a v a r i e t y  of s t im u l i  
such as l i g h t ,  tem pera tu re ,  oxygen te n s io n  and io n i c  ba lance .  
A review of th e s e  e f f e c t s  has been p ub l ished  by Smith ( 1939)*
Spaeth  (1916a) d iscovered  t h a t  mel anophores of i s o l a t e d  
s c a le s  of Fundulus a re  very  s e n s i t i v e  to  a d r e n a l in  which 
causes them to  aggregate  t h e i r  pigment. I t  i s  now well 
known t h a t  i n j e c t i o n  of a d r e n a l in  causes p a l in g  i n  many 
sp ec ie s  of t e l e o s t .  Whether t h i s  hormone p lays  any p a r t  
i n  normal background a d a p ta t io n  i s  unknown, bu t  i t  i s  o f t e n  
assumed to  be r e sp o n s ib le  f o r  the  quick p a l in g  which many 
f i s h e s  show when s t ro n g ly  e x c i te d .  F u r th e r  evidence on 
t h i s  p o in t  i s  d i f f i c u l t  to  o b ta in  s ince  the  d i f f u s e  n a tu re  
of  adrena l  t i s s u e  i n  f i s h e s  makes i t  im poss ib le  to  remove 
i t s  i n f lu e n c e  by s u rg ic a l  means.
b. Temperature and Colour Change.
One of the  e a r l i e s t  ob se rv a t io n s  of a change of co lour  
w i th  tem pera tu re  ( c i t e d  by Smith, 1928, frcm Brucke, 1852) 
i s  t h a t  of Goddard i n  an e a r ly  volume of the  P h i lo so p h ica l  
T ran sac t io n s  of the  Royal S o c ie ty  (I678, see Appendix V).
12.
He d e sc r ib ed  s tu d i e s  on a chameleon and s in ce  then  th e re  has 
been a l a r g e  number of s i m i l a r  o b se rv a t io n s ,  mainly  on 
r e p t i l e s  b u t  a l s o  on amphibians, c ru s tacean s  and i n s e c t s  
(Appendix V). The m a jo r i ty  r e p o r t  t h a t  p a l in g  occurs a t  
h igh  environm ental  tem pera tu res  and darkening a t  low ones. 
Hogben ( 192^) rega rds  t h i s  r e a c t i o n  as a u n iv e r s a l  one f o r  
amphibia. According to  Smith (1928) the  phenomenon l e d  
Krehl and Soe tbee r  ( 1899) t o  suggest  a the rm oregu la to ry  
f u n c t i o n  i n  th e  r e p t i l e  U ro n a s t ix  a c a n th in u ru s . Fuchs 
(1912-1^) i s  s a id  t o  have been so impressed w ith  t h i s  i d e a  
t h a t  he assumed i t  t o  be a u n iv e r s a l  one and the  primary 
f u n c t i o n  of co lo u r  change. While t l i i s  may be so i n  sane 
cases  ( e .g .  d e s e r t - l i v i n g  r e p t i l e s )  i t  was p o in ted  out by 
Bauer (191^) t h a t  i t  could be of l i t t l e  use  t o  f i s h e s ,  whose 
tem pera tu re  i s  much more r i g i d l y  c o n t ro l l e d  by t h a t  of the  
surrounding  w ate r .
S im i la r  tem pera tu re  responses  have been rep o r ted  i n  sane 
t e l e o s t s .  Cole and S c h a e f fe r  (1936, 1937) and Cole (1939) ,  
working w ith  th e  k i l l i f i s h  Fundulus h e t e r o c l i t u s , found t h a t  
th e  r a t e  of co lo u r  r e v e r s a l  i n  response to  w h i te - to -b la c k  or 
b l a c k - to - w h i te  background changes i s  q u ick e r  a t  h igher  
tem p era tu re s .  Between 5^C. and 3^^C. the  r a t e  v a r ie d  
accord ing  t o  A rrhen ius '  equa t ion ,  ym being 9 ,700 f o r  p a l in g  
and 10,900 f o r  darkening i n  sea -w ate r ,  bu t  11,^00 f o r  bo th  
r e a c t i o n s  i n  f r e s h -w a te r .  Presumablyju  was g iven i n  the  u n i t  
^C. a l though  t h i s  was not s p e c i f i e d .  Below th e se  l i m i t s  the
13.
f i s h  remained dark, r e g a rd le s s  of background co lour ,  wliile 
a t  h ig h e r  tem p era tu re s  they  remained p a le .  By a pho to ­
e l e c t r i c  method f o r  observing sk in  co lour  H i l l ,  Pa rk inson  
and Sol and t  ( 1935) found t h a t  co lour  r e v e r s a l  i s  q u ick e r  a t  
3C^C. th an  a t  11 . 5^0. i n  Fundulus. According t o  v. F r i s c h  
(1911b) and Smith (1928), Franz (1908) found t h a t  f i s h  
k i l l e d  by immersion i n  warm w ate r  tu rned  p a le  and t l i i s  was 
i n t e r p r e t e d  as an independent  response by the  melanophore 
c e l l s .  F r i e s  (1927) showed t h a t  xanthophores of Fundulus 
a r e  c o n t r o l l e d  in d epen den t ly  of th e  mel anophores and t h a t  
dene rva ted  xanthophores aggregate  a t  h igh  tem pera tu res ,  bu t  
no responses  f o r  in n e rv a te d  xanthophores were desc r ibed .  
F o s t e r  ( 1933) r e p o r te d  t h a t  hea t  had no e f f e c t  on the  
i r id o sc m e s  of Fundulus a l though  a g r e a t e r  number re a c te d  to  
s t i m u l a t i o n  by l i g h t  ( a s  independen t  e f f e c to r s )  a t  h ig h e r  
tem p era tu re s .
According to  v . F r i s c h  ( 1911b) and Smith ( 1928) ,  Knauthe 
(1891) exposed Cvnrinus ca rp i  o. Caras si  us  v u l g a r i s . Rhodeus 
amarus. P e rea  f l u v i a t i l i s . Tinea v u l g a r i s . Gobio f l u v i a t i l i s . 
Leucuspus d e l i n e a t u s m L euc iscus  (= Phoxinus) phoxinus. 
Misgurnus f o s s i l i s  and Nemacheilus b a rb a tu lu s  t o  cold 
c o n d i t io n s  (C^C. t o  -2^C .) .  He found t h a t  i n  a l l  cases  the  
mel anophores d isp e rse d ,  the  c i r c u l a t i o n  stopped ( a t  l e a s t  
p e r ip h e r a l l y )  and the  f i s h e s  went i n t o  a coma. The 
mel anophores were sa id  t o  remain respons ive  to  l i g h t  and to  
touch,  bu t  s ince  t h e i r  r e a c t i o n  to  b o th  th ese  s t im u l i  i s  by 
d i s p e r s io n ,  the  tem pera ture  e f f e c t  cannot have been t o t a l .
The same rev iew ers  mention  the  follov/ing  s im i l a r  
i n s t a n c e s .  Leydig (1892) sa id  t h a t  the  phosphorescen t  spo ts  
of th e  shad ( Alosa_sp>) d isap p ea r  i n  cold w ate r  due to  
d i s p e r s i o n  of the  ov er ly ing  mel anophores. Mayerhofer (1909)
found t h a t  th e  mel anophores of Es ox l u  ci us  aggregated  when 
changed suddenly frcm 11 ^C. to  30°C. or v i c e - v e r s a .  The 
' norm al ' co lo u r  was soon resumed and i t  i s  p robab le  t h a t  th e se  
were exc item ent  r e a c t io n s  due t o  the  sudden change.
P a rk e r  (19^8) re p o r ted  t h a t  Muzlera (193^) noted 
melanophore ag g reg a t io n  a t  h igh tem pera tu res  i n  Jen yn s ia  
l i n e a t a  bu t  t h a t  the  c e l l s  re d is p e r s e d  a t  35^0.
P ie r c e  (19^1) i n v e s t i g a t e d  the  co lour  changes of 
M oll i  eni s i  a l a t i  p inna  (Le Seur) . The f i s h  became comatose 
below 9 °C. and between 9 ^C. and 12^C. complete a d a p ta t io n  
could  not  be a t t a i n e d  on a white  background. At high 
tem p era tu re s  normal responses  were obtained up to  the  l e t h a l  
l i m i t  of 35^8 . Wykes (1938) s t a t e d  t h a t  below 9 ^0. the  
c o lo u r  changes of Ameiurus were i n  ca n p le te  abeyance and the  
f i s h  remained dark i n  co lou r  r e g a rd le s s  of the  background.
c. Local Temperature E f f e c t s  i n  Phoxinus.
V . F r i s c h  (1911b) commented on the  genera l  agreement on 
th e  e f f e c t s  of tem pera ture  when o the r  a s p e c ts  of  co lour  change 
were so r i c h  i n  c o n t r a d ic t io n .  He p o in ted  ou t ,  however, t h a t  
i n  a l l  cases  the  whole animal had been exposed t o  an extreme 
tem pera tu re  and t h a t  profound p h y s io lo g ic a l  e f f e c t s  would be
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expected .  I n  p a r t i c u l a r  he suspected  t h a t  p a l in g  a t  h igh  
tem p era tu re s  might be due t o  reduced r e s p i r a t o r y  e f f i c i e n c y  
and consequent shor tage  of oxygen, a f a c t o r  known to  cause 
melanophore ag g reg a t io n .  I n  o rd e r  to  determine the  responses  
of th e  mel anophores alone he performed a s e t  of experiments  
which w i l l  be re p o r te d  i n  d e t a i l  here s ince  they  form the  
b a s i s  of th e  p r e s e n t  work.
T ransfe rence  of minnows from water  a t  1 5 ^C. t o  w ate r  a t  
25^C. g e n e ra l ly  gave a darkening,  while a change t o  co ld e r  
w ate r  u s u a l l y  produced p a l in g .  F requen tly  however the  
e f f e c t  was i n d i s t i n c t  and i n  many f i s h e s  reversed .  I f  th e  
tem pera tu re  of the  water  i n  wh-ich the  f i s h e s  swam were r a i s e d  
o r  lowered v e ry  sloifLy ( l 4^  -  25^C. and l V |  -  ll-^-^C. i n  ^ 2  ' 
hours) no changes i n  co lou r  were d e te c ta b le .  v .F r i s c h  was 
t h e r e f o r e  unab le  to  support  th e  m a jo r i ty  of p rev io u s  r e s u l t s  
f o r  Phoxinus.
He nex t  experimented w i th  newly d e c a p i ta te d ,  p i th e d  
minnows which he supported on a p l a s t i c i n e  b lock  w ith  a 
microscope c o v e r -g la s s  r e s t i n g  a g a in s t  each f l a n k .  Onto 
each of th e se  g la s s  s l i p s  he p layed  a g e n t le  j e t  of water ,  
one a t  l ^ ^ C . , th e  o th e r  a t  30 -  35°C. A f te r  7 - 2 5  minutes 
t h e  warmer flanlc became f u l l y  p a le  and remained so while  the 
c o o le r  f l a n k  d id  not p a le  u n t i l  about 1^ hours a f t e r  the  s t a r t  
o f  the  experiment. v . F r i s c h  exp la ined  t h i s  as an a c c e l e r a t i o n  
by h ea t  of pos tm orta l  changes due t o  oxygen d e f ic ie n c y  i n  the  
t i s s u e s  ( ' Anamieaufhellung' ) .  He supposed t h a t  the  oxygen
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a v a i l a b l e  i n  any reg ion  a t  the  time of  d e c a p i t a t i o n  was 
exhausted  more q u ick ly  a t  high tem pera tu res .
L iv ing  f i s h  were then  mounted i n  the  same appa ra tus  ivith 
a tube  i n  t h e i r  mouths th rough  which cool w ate r  was su p p l ied  
f o r  b r e a th in g .  The f i s h  l a y  q u i e t l y  and r e s p i r a t o r y  s t r e s s  
was e l im in a ted .  When j e t s  of water  were p layed  as b e fo re  
onto g la s s  s t r i p s  r e s t i n g  a g a in s t  the  f l a n k  of the  f i s h ,  a 
s u r p r i s i n g  r e a c t i o n  was produced. The a re a  warmed to  35^C. 
q u ic k ly  became d ark er  while  t h a t  a t  iM- -  l6^C. showed no 
change. Cooled water  a t  3 -  5^C. produced the  oppos i te  
e f f e c t ,  a pronounced p a l in g  which sometimes in c lu d ed  complete 
fa d in g  of th e  sk in  p a t t e r n .  These responses  were q u i t e  
independen t  and p u re ly  l o c a l  s ince  bo th  could be produced 
to g e th e r ,  e i t h e r  on o p po s i te  f l a n k s  o r  on a d jac en t  a reas  of 
th e  same s id e .  N e i th e r  e f f e c t  could be a t t r i b u t e d  to  an 
i n f l u e n c e  of tem pera tu re  on the  c e n t r a l  nervous system s ince  
t h i s  would be equal i n  b o th  reg ions .  These r e s u l t s  were 
confirmed on Phoxinus by G iersberg  i n  1930.
I n  o rde r  to  e l im in a te  vasomotor responses ,  v . F r i s c h  
th e n  severed th e  sympathetic  cha in  and d o rsa l  a o r t a  a t  a 
p o i n t  a n t e r i o r  to  the  l ^ t h  v e r t e b ra .  Following t h i s  the  
f i s h  became maximally dark a n t e r i o r l y  due to  d en e rv a t io n  bu t  
p o s t e r i o r l y  th e  chromatic m o to r - f ib re s  remained i n t a c t .  I n  
t h i s  re g io n  however the c i r c u l a t i o n  ceased completely  as seen 
by observ ing  the  f i n  c a p i l l a r i e s .  Local tem pera tu re  e f f e c t s  
i n  t h i s  p o s t e r i o r  reg ion  were e n t i r e l y  normal.
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The next s tep  was to  e l im in a te  the  i n f l u e n c e  of the  
nervous system. This was done by crude cu ts  th rough  the  
sym pathe t ic  cha in  and a o r t a  e i t h e r  a n t e r i o r  t o  th e  l 5 t h  
v e r t e b r a  or p o s t e r i o r  to  i t  i n  th e  haemal cana l .  Of t e n  
f i s h e s  t e s t e d  as  b e fo re ,  immedia te ly  a f t e r  nerve s e c t io n ,  
h a l f  showed a s l i g h t  p a l in g  i n  th e  denervated  re g io n  on 
coo l ing .  Heating had no e f f e c t  s ince  the  re g io n  was a l r e a d y  
maximally dark i n  a l l  ca ses .  However 6 hours t o  2 days 
a f t e r  th e  o p e r a t io n  th e  responses  to  l o c a l l y  app l ied  temp­
e r a t u r e s  were com ple te ly  re v e rsed  i n  the  denervated  reg io n s .
_o o
35 C. caused p a l in g  and 5 C. darkening .  At t h i s  s tage
o p p o s i te  e f f e c t s  could be ob ta ined  a n t e r i o r  and p o s t e r i o r  t o
th e  p o in t  of sym pathet ic  cha in  s e c t io n  by e i t h e r  h igh  or  low
te m p e ra tu re s .  The denerva ted  responses  were s t a t e d  to  be
f r e q u e n t l y  i n d i s t i n c t  o r  l i m i t e d  t o  small a r e a s .
V . F r i s c h  th e n  suggested  t h a t  a c e n t r a l  r e f l e x  might be 
m ed ia t ing  th e  normal o r  ' i n n e r v a t e d '  response .  To t e s t  
t h i s  he performed a s e c t i o n  of th e  sp ina l  cord p o s t e r i o r  to  
th e  l 5 t h  v e r t e b r a  (which has no e f f e c t  on c o l a i r  change) and 
even complete d e s t r u c t i o n  of th e  sp in a l  cord i n  t h i s  reg io n .  
N e i th e r  of th e se  p rocedures  a l t e r e d  th e  tem pera ture  responses  
of th e  t a i l s  o f  th e  minnows when t e s t e d  by l o c a l  a p p l i c a t i o n .  
Other p o s s ib l e  e x p la n a t io n s  pu t  forward were a r e f l e x  
e n t i r e l y  w i th in  th e  autonomic nervous system or a d i r e c t  
response  by th e  mel anophores. v. F r i s c h  i n  h i s  d i s c u s s io n  
appears  to  have cons idered  th e  l a t t e r  more l i k e l y  a l though 
he was unab le  to  e x p la in  why th e  responses  of  th e
18.
melanophores as independent  e f f e c t o r s  should be rev ersed  
some time a f t e r  den e rva t ion .  He a l s o  p o in te d  out t h a t  the  
s t ro n g  in n e rv a te d  e f f e c t  i s  u n l i k e l y  to  be of  importance to  
minnows i n  t h e i r  n a tu r a l  surroundings  s ince  i t  does not  occur 
when the  f i s h e s  a re  complete ly  immersed a t  any tem pera tu re .
I n  co n c lu s io n  he appears  almost ap o lo g e t ic  a t  having 
d isco ve red  y e t  an o th e r  c o n t r a d i c t i o n  i n  the  f i e l d  of co lou r  
change.
To summarise, Phoxinus shows l i t t l e  o r  no chromatic 
response  when immersed i n  w ate r  a t  d i f f e r e n t  tem pera tu res .  
Local hea t ing  o r  c o d i n g  of f i s h ,  k ep t  i n  a i r  bu t  supplied  
w i th  normal w a te r  f o r  b r e a th in g ,  produced s t rong  responses  
which were r e v e r se d  on den e rv a t io n .
d. Temperature E f f e c t s  i n  Fundulus.
Spaeth  (1913) adopted a r a t h e r  d i f f e r e n t  approach i n  
h i s  s t u d ie s  on Fundulus h e t e r o c l i t u s  (L . ) .  I n  order to  
e l im in a te  complex in f lu e n c e  w i th in  the  body of the  f i s h  he 
removed s in g le  s c a le s  b e a r in g  mel anophores to  i s o t o n i c  
s o l u t io n s .  By vary ing  th e  experimenta l  co n d i t io n s  he was 
ab le  to  examine a l a r g e  number of  p h y s io lo g ic a l  responses  of 
th e  melanophores as independen t  e f f e c t o r s .
Immersion i n  C.IM sodium c h lo r id e  s o l u t io n  caused 
continuous  and complete d i s p e r s io n .  When the  a v a i l a b l e  
oxygen was reduced by p u t t in g  the  s o lu t io n  under  an
19.
atmosphere of pure  hydrogen, the  melanophores aggregated  b u t  
r e d l s p e r s e d  on th e  i n t r o d u c t i o n  of a i r  o r  oxygen. This 
r e a c t i o n  co rresponds  t o  the  ' Anami eauf hellung* of  v. F r i s c h .  
When th e  tem p era tu re  was r a i s e d  to  29 -  30^0 . ag g re g a t io n  
a g a in  ensued w i th  r e d i s p e r s i o n  a t  19 -  23^C. This response  
was quick ,  r e v e r s i b l e  and occurred  over a wide range of 
oxygen t e n s io n s .  I n  one experiment W in k le r ' s  d e te rm in a t io n  
showed the  amount o f  d i s s o lv e d  oxygen under  oxygen a t  30^0. 
t o  be fo u r  t im es  t h a t  under  a i r  a t  20^C.
Having th u s  dem onstra ted  a tem pera tu re  response which was 
q u i t e  independen t  of the  a v a i l a b l e  oxygen, Spaeth  c r i t i c i s e d  
V . F r i s c h ' s  i n t e r p r e t a t i o n s  of h is  r e s u l t s  on d e c a p i ta te d  
minnows. I t  must be mentioned however t l ia t  th e  p a l in g  
observed by v . F r i s c h  was i r r e v e r s i b l e  and d id  no t  occur 
im m edia te ly .  Also a s i m i l a r  p a l in g  occurred  on an unwarmed 
r e g io n  a t  a l a t e r  t ime, so t h a t  a d i r e c t  response to  
tem pera tu re  on th e  p a r t  of  th e  melanophore appears  t o  be an 
u n ac cep tab le  e x p lan a t io n .
Smith (1928),  a l s o  world ng on Fundulus h e t e r o c l i t u s . 
re p e a te d  some of th e  experim ents  of b o th  Spaeth  and v. F r i s c h ,  
and was ab le  to  confirm the  f in d in g s  of  bo th  th e se  workers. 
I s o l a t e d  s c a le s  removed to  C. 2N sodium c h lo r id e  s o lu t io n  
showed maximum melanophore d i s p e r s i o n  i n  2 - 3  m inutes .
Upon r a i s i n g  th e  tem pera tu re  to  between 32^C. and ^l^C. the  
melanophores aggrega ted  p a r t i a l l y .  The time r e q u i r e d  t o  
complete t h i s  r e a c t i o n  was found to  vary  w i th  the  tem pera tu re
20.
t o  which th e  mel anophores were exposed. Typical  v a lu es  
were 60 seconds a t  ^-O^C., 135 seconds a t  36^0. and 300 seconds 
a t  32^0. Smith does not s t a t e  whether th e s e  r e a c t i o n s  were 
r e v e r s i b l e  b u t  th e  d e s c r i p t i o n s  of h i s  experim enta l  method do 
no t  suggest  t h a t  anoxic c o n d i t io n s  could have been produced 
so q u ick ly .
Smith f u r t h e r  found t h a t  s c a le s  immersed i n  f r e s h - w a te r  
a t  19^0. soon showed complete melanophore agg rega t ion .  
T ran s fe ren ce  to  f r e s h - w a te r  a t  l^C. produced a p a r t i a l  
d i s p e r s i o n .  Immersion of s c a le s  from a da rk -adap ted  f i s h  
i n  f r e s h - w a t e r  below 5^C. caused no d i s p e r s i o n  a t  a l l .  Thus 
i t  seemed t h a t  th e  mel anophores r e a c te d  to  cold as w ell  as to  
h ea t  and i n  th e  o p p o s i te  d i r e c t i o n .  These responses  a re  i n  
th e  same d i r e c t i o n  as th o se  of  amphibians and r e p t i l e s .
Smith th e n  re p ea ted  th e  experiments of Knauthe by 
immersing l i v e  f i s h  i n  w a te r  of d i f f e r e n t  tem pera tu res .  
Fundulus a c c l im a t i s e d  a t  l 8  -  22°C., when pu t  i n t o  w ate r  a t  
33^C. 5 went i n t o  convu ls ions  l e a d in g  to  a coma i n  which the  
f i s h  were a s i l v e r y - w h i t e  co lou r  r e g a rd le s s  of  background 
co lou r .  No f i s h  su rv ived  t h i s  t r e a tm en t .  Below IC^C. the  
f i s h  showed no s ig n s  of  d isco m fo r t  b u t  went q u i e t l y  i n t o  a 
coma i n  about t e n  m inu tes ,  assuming a r a t h e r  dark co lour  even 
on p a le  backgrounds. The l a t t e r  r e a c t i o n  was r e v e r s i b l e .  
Smith s t r e s s e d  th e  p o in t  t h a t  no co lour  change occurred  
m t h o u t  the  comatose s t a t e  and suggested  t h a t  once c e n t r a l  
nervous i n f l u e n c e s  were removed the  mel anophores were f r e e  to
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a c t  as  independen t  e f f e c t o r s .  However he agreed  w i th  
V .  F r i s c h  t h a t  the  s i t u a t i o n  was so complex t h a t  l i t t l e  
could  be l e a r n e d  from such experiments .  F u r th e r  t e s t s  
showed t h a t  some t r a n s i t o r y  co lou r  changes could be 
produced a t  l e s s  extreme tem pera tu res  a f t e r  thermal c o n d i t io n ­
in g  i n  v a r io u s  ways, bu t  the  normal responses  to  background 
c o lo u r  f u r t h e r  com plicated  th e s e  o b se rv a t io n s .
So f a r  a l l  r e s u l t s  on Fundulus showed tem pera ture  
re sponses  i n  one d i r e c t i o n  only. Smith th en  proceeded t o  
perform v . F r i s c h ' s  experiment of removing the  f i s h  from 
w ate r  and l o c a l l y  warming o r  cooling  reg ions  of the  body. 
Water was su p p l ied  by a tube  i n  the  mouth f o r  r e s p i r a t i o n  
as  b e fo re .  Fundulus t r e a t e d  i n  t h i s  way became p a le  i n  a l l  
ca ses ,  presumably a case of excitem ent p a l l o r .  Water a t  
2^C. had no e f f e c t  bu t  warming to  38^0. produced r e v e r s i b l e  
melanophore d i s p e r s i o n  as v . F r i s c h  had found. Smith a l so  
performed th e  experiment w ithou t  the  pieces of g la s s  used  by 
V . F r i s c h  and found no d i f f e r e n c e  except f o r  a qu icke r  
response .  F u r th e r  experim ents  showed t h a t  j e t s  up to  31^8. 
produced no e f f e c t  bu t  t h a t  from 32°C. to  4 o^C. the  response 
occurred  a f t e r  the  same ' exposure time* (about  38 seconds) .  
Thus not  only were such responses  opposi te  i n  d i r e c t i o n  t o  
th o se  of  i s o l a t e d  s c a le  mel anophores bu t  th ey  e x h ib i t e d  an 
a l l - o n - n o th in g  c h a r a c t e r  w ith  no tem pera ture  c o e f f i c i e n t .
Regions of  th e  body were denervated  by s e c t io n  of 
some of  the  sp in a l  nerves  and an u ndef ined  p e r io d  was
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allowed f o r  the  i n i t i a l  complete darkening to  fade .
Melanophores i n  th e se  a re a s  th en  aggregated  when warmed and 
d i s p e r s e d  when cooled. The time f o r  t h i s  r e a c t i o n  v a r ie d  
w i th  th e  tem p era tu re  and the  curves were s i m i l a r  to  those  
f o r  i s o l a t e d  s c a le  melanophores bu t  w i th  a r a t h e r  s h o r t e r  
t ime s c a le .  The r e v e r s a l  of response when denerva ted ,  as 
d e sc r ib e d  by v . F r i s c h  f o r  th e  minnow, was thus  confirmed i n  
a n o th e r  s p e c ie s  of t e l e o s t .  Smith does not suggest t h a t  
th e  response  of  such denerva ted  mel anophores was i n  any way 
u n c e r t a i n  o r  we all as those  of th e  minnow were sa id  to  be.
I n  th e  caudal f i n  b o th  in n e rv a te d  and denervated  
melanophores r e a c t e d  i n  th e  same way as denervated  
mel anophores on th e  f l a n k .
A f u r t h e r  im p o r tan t  experiment performed by Smith was 
to  t e s t  th e  tem pera tu re  re sponses  a f t e r  b i l a t e r a l  b l in d in g ,  
i n  o rd e r  to  remove background s t im u l i  from th e  eyes while 
l e a v in g  the  motor i n n e r v a t i o n  i n t a c t .  I n  a l l  cases  the  
melanophores of the  whole body slowly r e a c te d  as i f  
denerva ted .  L i t t l e  was made of t h i s  s u r p r i s in g  r e s u l t .  
A f t e r  remarking t h a t  a c tu a l  d en e rv a t io n  of the  mel anophores 
was u n n ec essa ry  to  r e v e r se  th e  response .  Smith suggested 
t h a t  removing th e  eyes may have l i b e r a t e d  a hormone causing 
th e  mel anophores to  a c t  i n  th e  oppos i te  way (w ith  
r e f e re n c e  to  th e  decapod c r u s t a c e a ) . Recent experiments  
by P a r ry  and H o l l id ay  (I96C) on the  chromatic i n f lu e n c e  
of the  pseudobranch i n  t e l e o s t s  show t h a t  t h i s  i d e a  was not 
as  p re p o s te ro u s  as i t  might have seemed. The e f f e r e n t
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b lood  supply of th e  pseudobranch p a sse s  to  the  choroid 
g land  of  th e  eye and i n t e r r u p t i o n  of t h i s  pathway causes 
s t ro n g  darkening  i n  some t e l e o s t s .  This r e s u l t  cannot be 
confirmed i n  Phoxinus (Kent, p e rson a l  communication) and 
i n  any case i t  i s  d i f f i c u l t  to  see how i t  could produce 
S m ith 's  r e s u l t .  The e f f e c t  of b l in d in g  i s  d iscu ssed  
f u r t h e r  i n  Chapter I l l e .
I n  c o n c lu s io n  Smith regarded  the  denerva ted  responses  
as  independen t  r e a c t i o n s  of mel anophores removed from the  
c o n t ro l  of  th e  nervous system. The in n e rv a te d  responses  
he a t t r i b u t e d  to  th e  nervous system, due to  th e  a l l - o r -  
no th ing  n a tu re  of the  response .  As v . F r i s c h  had done much 
to  reduce th e  l i k e l i h o o d  of  a c e n t r a l  nervous r e f l e x ,  Smith 
i n c l i n e d  to  th e  i d e a  of an axon r e f l e x  on the  p a t t e r n  of 
th e  v a s o d i l a t o r  response  i n  mammals. That i s ,  t h a t  two 
branches  of the  same neuron serve a tem pera tu re  sense-ending 
and a melanophore r e s p e c t i v e l y .  A f u r t h e r  d i s c u s s io n  of 
th e s e  i d e a s  and r e s u l t s  i s  g iven  i n  Chapter I I .  The 
r e a c t i o n s  of mel anophores on the  caudal f i n  suggested t h a t  
th ey  were not  served by th e  r e f l e x  arrangement.
e. The Source and Treatment of  F i sh .
The p r e s e n t  work a t tem p ts  t o  shed some l i g h t  on the  
phenomena which have been d e sc r ib e d .  The p r i n c i p a l  
exper im enta l  sp ec ie s  was Phoxinus phoxinuLS ( L . ) .  At
2^.
Aberystivyth specimens were ob ta ined  by t r a p p in g  frcm 
B laen  Melindwr Lake nea r  Plynlimmon and were m ain ta ined  
i n  w el l  a e r a t e d  w ate r  i n  l a r g e  grey s l a t e  s tock  tan ks .
When k e p t  f o r  an a p p re c ia b le  time the  f i s h  were fed  on 
minced raw b e e f .  At Bedford College, London, f i s h  were 
o b ta in ed  by a r e p u ta b le  d e a l e r  from a pond i n  H e r t f o r d s h i r e  
and l a t e r  f r a n  a stream a t  G rav e t ie  i n  the  Ashdown F o re s t .  
Im m ediate ly  on a r r i v a l  a t  th e  d e a l e r ’ s they  were c o l l e c t e d  
and t r a n s f e r r e d  to  s tock  tanks  c o n s i s t in g  of white s inks .
Aberysti^ryth water  was o c c a s io n a l ly  and unpr e d ic t  ab ly  
c h l o r i n a t e d  a t  l e v e l s  l e t h a l  to  f i s h  and a l l  water  used i n  
th e  s tock tan k s  was f i r s t  t r e a t e d  by v igorous  a e r a t i o n  f o r  
a few days. The more c o n s ta n t  l e v e l  of  c l i lo r in a t io n  of the  
w ate r  supply i n  London allowed running water  to  be used  w ith  
l e s s  danger of  p o l l u t i o n  i n  the  tan ks .  Smaller  numbers of 
f i s h  were a l s o  ob ta ined  as r e q u i r e d .  This rendered  feed ing  
u n n ec es sa ry  and minimised the  re d u c t io n  i n  numbers of 
mel anophores due t o  slow m orphological  changes i n  white 
v e s s e l s .  D i f f i c u l t i e s  i n  m a in ta in ing  a h e a l th y  stock of 
f i s h  were encountered  only i n  summer when the  tem pera tu re  
of th e  London w a te r  supply ro se  dangerously  iiigh.
Ho a t tem p t  was made to  a c c l im a t i s e  a l l  f i s h  a t  the  
same tem pera tu re .  F i sh  showing breed ing  c o l o r a t i o n  were 
k e p t  i n  the  s tock  tanks  f o r  a s h o r t  time u n t i l  th ese  p a t t e r n s  
d isap p ea red .  The average weight of a minnow was 3*5 
The sources  and t rea tm en t  of o th e r  sp ec ie s  used  are
2?.
d e s c r ib e d  i n d i v i d u a l l y  i n  Chapter IV.
The o p e r a t iv e  tech n iqu es  used  were those  of Healey 
( 19^ 8) w i th  only  s l i g h t  m o d i f ic a t io n .  Fine nylon th read  
so ld  f o r  r e p a i r i n g  s to ck in gs  was found t o  be p r e f e r a b l e  to  
c o t t o n  s t r a n d s  f o r  s u tu re s  s ince  i t  i s  e a s i e r  to  use  and l e s s  
l i a b l e  to  r o t .  The Ringer s o l u t io n  used  i n  th ese  o p e ra t io n s  
was changed from Steinhausen^ s forsiula  (1928) to  t h a t  of 
Young (1933) Tor reasons  exp la ined  i n  Appendix IV. The 
te c h n iq u e s  f o r  o p e ra t io n s  o th e r  th an  those  d esc r ibed  by 
Healey a re  d e a l t  w i th  i n  the  r e le v a n t  p a r t s  of the  t e x t .
Ure thane  ( e th y l  carbamate) was g e n e ra l ly  used as an 
a n a e s t h e t i c  i n  th e  way d e sc r ib ed  by Healey; the  f i s h  were 
immersed i n  0. 5^ s o l u t i o n  u n t i l  unconscious as judged by 
l a c k  of response  to  l i g h t  p r e s s u r e  on the  caudal fin^ and 
a n a e s th e s i a  was m ain ta in ed  by 0 . 25% s o l u t io n  f  1 omng over 
th e  g i l l s .  I n  sane cases  HS222 (Sandoz Metacaine or 
T id e a l  ne m ethansulphonate) was found to  be p r e f e r a b le .
Tills was used  almost e x c lu s iv e ly  f o r  the  l a r g e r  marine 
t e l e o s t s .  B a l l  and Cowen (1959) have warned a g a in s t  the  
danger of u re th a n e  to  th e  experim enter ,  as ca rc inogen ic  
doses  may be absorbed through the  slcin. They urged t h a t  
MS222 be g e n e r a l l y  used as an a l t e r n a t i v e  a n a e s th e t i c  f o r  
f i s h e s  i n  c o n c e n t r a t io n s  between 1/ 5C0 and 1/2000 ( f o r  
small t e l e o s t s ) .  C oncen tra t ions  between 1 /20 ,000  and 
1 /12 ,500  were found to  be q u i t e  adequate i n  the  p re s e n t  
experiments  and h ig h e r  c o n c e n t r a t io n s  o f t e n  produced
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i r r e v e r s i b l e  coma.
The a p p a ra tu s  and tech n iq u es  used  f o r  the  v a r io u s  
experim ents  a re  d e sc r ib ed  i n  the  a p p ro p r ia te  s e c t i o n  of the  
t e x t ;  bu t  a p p a ra tu s  of g ene ra l  u se  has been r e f e r r e d  t o  the  
Appendices f o r  convenience.
I n  a l l  ca ses  f i s h  talcen from the  s tock tanks  f o r  
e x p e r im e n ta t io n  were f i r s t  p laced  on b lack  and white 
backgrounds.  Any i n d i v i d u a l s  which were judged 
m a c ro s c o p ic a l ly  to  a t t a i n  only i n c a n p le t e  a d a p ta t io n  were 
r e j e c t e d .
S p ec ia l  N o te .
The word ’’denervated'^ i s  used throughout t l i i s  t h e s i s  
t o  denote only  an i n t e r r u p t i o n  of the  melanophore motor- 
nerve  t r a c t s  as shown i n  F igure  l a .  I t  does not  imply 
s e c t i o n  of th e  te rm in a l  motor f i b r e s  w ith  consequent 
d e g e n e ra t io n  as f a r  as th e  c hr cm o-neu ra l  j u n c t io n .  There 
i s  a t  p r e s e n t  l i t t l e  evidence f o r  the p o s i t i o n s  of synapses 
i n  th e  motor t r a c t s  and th e  experiments of Chapter Ve 
i n d i c a t e  t h a t  even a f t e r  s e c t i o n  of the  autonomic cha in  
a n t e r i o r  to  v e r t e b r a  15 the  motor f i b r e s  i n  the  s u p e r f i c i a l  
ophthalmic nerve do not  degenera te .  D enervat ion  t h e r e f o r e  
on ly  im p l i e s  s u rg ic a l  p a r a l y s i s  of melanophores r e g a rd le s s  
o f  th e  l e v e l  of s e c t io n .  Tliis i s  done f o r  convenience 
s in c e  the  l e v e l  a t  which s e c t i o n  i s  performed appears  to
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have no e f f e c t  on th e  subsequent  thermal re sp o n se s  of 
t h e  melanophores.
CHAPTER I I
EXPERIMENTS ON THE TEMPERATURE RESPONSES IN PHCXIHU3
a. Pre^Liminarv E xper im en ts .
At the  canrnencement of  t h i s  work seme of th e  
exper im en ts  performed by o t h e r  workers and d e sc r ib e d  i n  
Chapter  I  were r e p e a te d .  Miole minnows were s u b jec ted  t o  
a wide range of h igh  and low tem p era tu re s  on b o th  b lack  and 
win.t e  backgrounds.  Above th e  f i s h  v e ry  q u ick ly
became cana to se  and sometimes showed s ig n s  of  p a l in g  b u t  
reco ve ry  a t  normal t em p e ra tu re s  was never  qu ick  and i n  many 
c a se s  th e  t r e a tm e n t  proved f a t a l .  At low tem p era tu re s  
darken ing  could  no t  be produced. I n  one experiment one 
dark  and one p a l e  f i s h  were p u t  i n  w ate r  between - l^C .  and 
O^C. on an i n t e r m e d i a t e  co loured  background. Both became 
s lu g g i s h  a f t e r  seme time b u t  showed no s ig n s  of  coma. The 
p a l e  f i s h  appeared  to  darken  seme what b u t  th e  dark f i s h
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p a le d  s l i g h t l y ;  bo th  recovered  q u ic k ly  a t  l l ^ C .  At no
o th e r  t e m p e ra tu re s  d id  any co lo u r  changes occur .  F ish
p la c e d  i n  f r e e z i n g  s o l u t io n s  between -5^C. and -13 
q u ic k ly  became s t i f f  b u t  showed no s igns  of da rken ing .
Such te m p e ra tu re s  were always f a t a l .  I t  was t h e r e f o r e  
n o t  p o s s i b l e  to  confirm th e  i n t e n s e  darkening under  cold  
c o n d i t io n s  r e p o r t e d  by Knauthe. Background a d a p ta t i o n  was 
l i t t l e  a f f e c t e d  by tem pera tu re .
Experiments  on f r e s h l y  d e c a p i t a t e d  co rp ses ,  as 
performed by v .F r i s c h ,  y i e ld e d  co n f irm a to ry  r e s u l t s .  I f ,  
a f t e r  d e c a p i t a t i o n ,  th e  s p in a l  cord d es t roy ed  f o r  some
d i s t a n c e  w i th  a f i n e  need le ,  p a l in g  fo l low ed  a f t e r  a t ime
determ ined  by th e  l o c a l  tem pera tu re  of th e  sk in .  No
f u r t h e r  re sp on ses  folloi^red a t  any tem pera tu re  once p a l in g  
was c a n p le te .  The t y p i c a l  sequence was as fo l lo w s .  
Im m edia te ly  a f t e r  d e c a p i t a t i o n  th e  body of  th e  f i s h  
darkened c o n s id e r a b ly  (p ro b a b ly  due t o  nerve s e c t i o n ) .  An 
a r e a  washed by w ate r  a t  35^0. commenced to  p a le  i n  a few 
m inu tes  and p a l in g  was u s u a l l y  complete m t h i n  25 m inu tes .
A s i m i l a r  a r e a  un d e r  i c e - w a t e r  a t  O^C. s tayed  dark f o r  
30 -  6C m inu tes  and p a l in g  g e n e r a l l y  became complete between 
80 and 90 m in u te s .  These re sponses  were i r r e v e r s i b l e  and 
complete.
I n  some ca se s  p i t h i n g  o f  th e  s p in a l  cord was not  
performed and th e  ensuing re spo n ses  fo l low ed  a more complex 
sequence, a t t r i b u t e d  by v . F r i s c h  (1911a) to  p o s tm o r ta l
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changes of nerve c e n t r e s  i n  the  a n t e r i o r  p a r t  of  the  s p in a l  
cord .  Such re sponses  w e r e  by no means so s te re o ty p e d  
a l th o u g h  f i n a l  p a l in g  occu rred  more q u ic k ly  i n  warm a r e a s .  
However i t  seems t h a t  such experim ents  a re  of l i t t l e  help 
i n  u n d e r s ta n d in g  the  phencmena shown by the  l i v i n g  f i s h  and 
V . Frisch* s t h e o r y  of * Anamieaufhellung* appears  t o  be 
p e r f e c t l y  s a t i s f a c t o r y .
b . Local Responses i n  L iv in g  FLsh.
V . Frisch* s experim ents  upon l i v i n g  f i s h  were rep ea ted  
u s in g  the  o r i g i n a l  method. I n  most cases  the  f i s h  became 
p a l e  when p la c e d  upon the  p l a s t i c i n e  support .  I f  the  r a t e  
of f low of w a te r  i n t o  th e  mouth were c a r e f u l l y  c o n t r o l l e d ,  
some f i s h  could be persuaded  to  l i e  q u i e t l y  while  the  
experiment was performed, b u t  m a n y  became v ery  a g i t a t e d  and 
had t o  be r e j e c t e d .  I n  every  case which allowed 
o b s e rv a t io n ,  w a te r  a t  35^C. on one flanlc, e i t h e r  w i th  o r  
w i th o u t  th e  g l a s s  s l i p ,  caused v e r y  s t rong  l o c a l  darkening .  
I  c e -w ate r  caused p a l in g  which was g e n e r a l l y  s l i g h t  owing to  
th e  i n i t i a l  p a l l o r  of th e  f i s h .  Under a low power 
b i n o c u l a r  m icroscope t h i s  r e a c t i o n  could be seen c l e a r l y  
s in c e  a l l  th e  small melanophores always became com plete ly  
ag g reg a ted  when c o d e d .  I n  many f i s h  th e  s k in  p a t t e r n  
d i sa p p e a re d  ccm p le te ly  due t o  complete a g g re g a t io n  of  th e  
l a r g e r  dermal melanophores,  a c o n d i t io n  d e sc r ib e d  by
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V.F r i s c h  as  "besonders schon".
No e x c e p t io n s  to  th e s e  responses  were seen  and i n  a l l  
c a se s  th e  r e a c t i o n s  were well  d e f in ed  p rov ided  t h a t  th e  f i s h  
l a y  q u i e t l y .  Melanophore changes occurred  v / i th in  a few 
seconds o f  h e a t in g  or  co o l ing  and were complete w i th in  a 
m inu te .  The e f f e c t s  were f u l l y  r e v e r s i b l e  and ex trem ely  
l o c a l i s e d  s in ce  by m a n ip u la t io n  of  the  w a te r  j e t s ,  bo th  
re sp o n ses  could be o b ta in ed  c lo s e  t o g e th e r  on the  same s ide  
o f  a f i s h .  Thus the  s t ro n g  i n n e r v a te d  re sponses  were 
found to  be i n  every  way as d e s c r ib e d  by v .F r i s c h .
Some s p i n a l - s e c t i o n e d  f i s h  were th e n  p re p a red .  Using 
th e  o p e ra t iv e  method of  Healey (1948) the  sp in a l  cord was 
removed from two o r  t h r e e  v e r t e b r a e  p o s t e r i o r  to  the  
f i f t e e n t h  v e r t e b r a .  By t h i s  tech n iq ue  th e  haemal cana l ,  
a o r t a  and sym pathe t ic  c h a in  remain undamaged. The wound 
soon h e a l s  i f  k e p t  f r e e  from i n f e c t i o n  and th e  f i s h  surv ive  
f o r  an i n d e f i n i t e  p e r io d .  Normal co lou r  change i n  response  
to  background co lo u r  i s  u n a f f e c t e d  bu t  swimming i s  impeded 
to  a g r e a t e r  o r  l e s s e r  e x t e n t  depending on th e  l e v e l  a t  
which s e c t i o n  i s  performed. This techn iqu e  r e p r e s e n t s  a 
g r e a t  improvement upon th e  o r i g i n a l  method of  v . F r i s c h  
whereby the  whole v e r t e b r a l  column was severed  by a s i n g l e  
k n i f e - t h r u s t ,  w i th  consequent c i r c u l a t o r y  d i s tu rb a n c e s .
When such f i s h e s  were t e s t e d  f o r  tem pera tu re  responses  
th ey  were found to  be normal bo th  a n t e r i o r  and p o s t e r i o r  to  
th e  s i t e  o f  o p e r a t i o n  and e n t i r e l y  i n d i s t i n g u i s h a b l e  from
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i n t a c t  f i s h e s .  During th e  course  of l a t e r  experim ents  t h i s  
o p e r a t io n  was performed many t im es and a t  a wide v a r i e t y  of  
l e v e l s ,  while  tem pera tu re  t e s t i n g  was performed a t  w idely  
v a ry in g  t im es  a f t e r  o p e r a t io n .  No ex c ep t io n s  to  the  
norm.al response  were found. The sp in a l  cord p o s t e r i o r  
to  the  1 5 t h  v e r t e b r a  appears  to  p l a y  no p a r t  whatsoever i n  
th e  l o c a l  tem p era tu re  re sp o nses  of  the  minnow. This a g a in  
conf irm s th e  f i n d i n g s  of  v. F r i s c h .
Another o p e r a t iv e  te chn iq u e  developed by Healey (1948) 
p e rm i t s  s e c t i o n  of th e  sym pathe t ic  cha in  w i th in  the  body 
c a v i t y  and a n t e r i o r  to  the  I j t h  v e r t e b r a ,  w ithou t  damaging 
th e  a o r t a .  When t h i s  i s  done the  f i s h  becomes maximally 
dark  a n t e r i o r  to  th e  p o i n t  of s e c t i o n .  The denerva ted  r e g io n  
s lowly  becomes p a le  on a w hite  background u nd er  humoral 
i n f l u e n c e s  b u t  nervous c o n t ro l  i s  not r e e s t a b l i s h e d ,  a t  
l e a s t  f o r  a c o n s id e r a b le  t ime. P o s t e r i o r  to  the p o in t  of  
s e c t i o n  the  co lou r  changes a re  com plete ly  normal. The 
o p e ra ted  f i s h  appear to  be u n a f f e c t e d  i n  o th e r  r e s p e c t s .
S evera l  such sympathectomi sed f i s h  were a l l  owed to  swim 
o ver  a w hite  background f o r  v a ry ing  p e r io d s  so t h a t  th e  
a n t e r i o r  r e g io n  could p a le  somewhat. They were th en  t e s t e d  
f o r  tem pera tu re  re sp o n ses .  The re g io n  p o s t e r i o r  to  the  
p o i n t  o f  s e c t i o n  r e a c te d  i n  every  way as i n  the i n t a c t  f i s h .  
A n te r io r  to  t h i s  p o in t  however the  response  was reve rsed  as 
d e s c r ib e d  by v .F r i s c h ;  th e  melanophores cooled  by i c e - w a t e r  
now d i s p e r s e d  t h e i r  pigment,  w hile  those  warmed to  35
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became ag g reg a ted  to  produce a p a le  a re a .  These denerva ted  
r e a c t i o n s  appeared  to  be r a t h e r  slower i n  appearance th an  
th e  normal ones b u t  were o f t e n  j u s t  as marked when completed. 
A b e a u t i f u l  e f f e c t  was o b ta in e d  by p lay in g  th e  j e t s  on to  the  
body a t  the  l e v e l  o f  nerve s e c t i o n  s ince  o p p o s i te  re sponses  
were g iven  b e f o re  and behind  t h i s  p o in t .  The l i n e  of 
dem arca t ion  between in n e r v a te d  and denerva ted  re g ion s  could 
be a c c e n tu a te d  i n  e i t h e r  com bination  o f  l i g h t  and dark by 
a p p l i c a t i o n  of  w a te r  a t  th e  r i g h t  tem p era tu re ,  even when i t  
was i n i t i a l l y  i n v i s i b l e .  Such responses  could be evoked 
as  long  as  the  f i s h  su rv ived ,  a t  l e a s t  f o r  sev e ra l  weeks.
Since th e  phenomena d e s c r ib e d  by v . F r i s c h  and Smith 
were i n  g en e ra l  confirmed, a f u r t h e r  experiment which does 
n o t  appear  to  have been performed by e i t h e r  of th e se  workers 
was suggested .  Healey* s te ch n iqu e  f o r  s p in a l  cord s e c t i o n  
can be performed a t  any l e v e l ,  b u t  i f  a n t e r i o r  to  the  l 5 t h  
v e r t e b r a  th e  whole su r fa c e  of the  f i s h  i s  c h ro m a t ic a l ly  
d ene rva ted .  Healey has s h o w  (1951) t h a t  minnows so 
t r e a t e d  darken  i n i t i a l l y  b u t  a f t e r  some days w i l l  respond 
s lowly  to  background changes by humoral c o n t ro l  a lone .
S ince nervous c o n t ro l  i s  th u s  e l im in a te d  from th e  e n t i r e  
f i s h  i t  was dec ided  to  examine th e  tem pera tu re  responses  i n  
t h i s  s t a t e .
FLsh were p re p a re d  and allowed to  re co v e r  on a white  
background f o r  s e v e ra l  days u n t i l  th ey  assumed an i n t e r ­
m ed ia te  co lo u r .  When t e s t e d  as b e fo re  a l l  f i s h e s  showed
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th e  t y p i c a l  dene rv a ted  re sp o nses ,  t h a t  i s  th e  whole s u r f a c e  
o f  each f i s h  responded e x a c t ly  as the  a n t e r i o r  h a l f  of 
sympathectomised f i s h .  The melanophores d i s p e r s e d  when 
coo led  and ag g reg a ted  when warmed. No d i f f e r e n c e s  could  
he found between f i s h  whose s p in a l  cords had been s e c t io n e d  
a t  d i f f e r e n t  l e v e l s ,  p rov id ed  t h a t  a l l  s e c t i o n s  were a n t e r i o r  
t o  th e  1 5 t h  v e r t e b r a .
c. The R ef lex  Theory.
The q u e s t i o n  whether r e f l e x  c o n t ro l  i s  in v o lv ed  i n  the  
normal i n n e r v a t e d  re spo nses  may now be re-examined. The 
expe r im en ts  d e s c r ib e d  so f a r  were performed a very  l a r g e  
number o f  t im es .  No a c tu a l  numbers a re  g iven  s ince  many 
r e p e t i t i o n s  were in v o lv e d  i n  the  course  of  l a t e r  exper im ents ,  
b u t  the  r e a c t i o n s  were no t  found t o  vary  a p a r t  frcm c e r t a i n  
e x c e p t io n s  d e s c r ib e d  i n  Chapters  l i e  and I l l f .
These r e s u l t s  a r e  summarised i n  F igure  2 which shov/s 
t h e  p a th s  of  chromatic  f i b r e s  accord ing  to  v .F r i s c h .
S e c t io n  of th e  s p in a l  cord a t  any l e v e l  a n t e r i o r  to  th e  l 5 t h  
v e r t e b r a  causes  complete r e v e r s a l  of  response  while  s e c t i o n  
a t  any l e v e l  p o s t e r i o r  to  th e  l 5 t h  v e r t e b r a  has no e f f e c t .  
S e c t i o n  of  th e  sym pathe t ic  c h a in  a n t e r i o r  to  the  l 5 t h  
v e r t e b r a  causes  r e v e r s a l  of  response  only a n t e r i o r  to  the  
p o i n t  of  s e c t i o n .  I t  i s  p e rhaps  r e l e v a n t  to  no te  here  t h a t  
s e c t i o n  of  th e  sym pathe t ic  c h a in  between the  l 5 t h  v e r t e b r a  and
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th e  beg inn ing  of the  haemal ca n a l ,  while  more d i f f i c u l t ,  was 
ach iev ed  i n  a few cases  a t  d i f f e r e n t  t im es .  R eversa l  of  
re sp on se  i n  th e s e  f i s h e s  o ccu r red  only  p o s t e r i o r  to  the  
p o i n t  of s e c t i o n .
There can be no doubt t h a t  n e r v e - s e c t i o n  i s  the  cause 
o f  r e v e r s a l  s in c e  s i m i l a r  o p e r a t io n s  i n  vM ch n e r v e - s e c t i o n  
was no t  accompli shed o r  was d e l i b e r a t e l y  not  performed had 
no e f f e c t .  Furthermore c i r c u l a t o r y  d i s tu r b a n c e s  caused by 
th e s e  o p e r a t io n s  were con f ined  to  the  s i t e  of th e  i n c i s i o n  
by th e  te c h n iq u e s  u sed  and could  have no e f f e c t  a t  the  
r e g io n s  t e s t e d  f o r  t em p era tu re  responses  which were o f t e n  
f a r  removed from th e  wound. This can be checked a f t e r  th e  
o p e r a t i o n  by m ic ro s c o p ic a l  o b s e r v a t io n  of  th e  f i n  c a p i l l a r i e s .
I n  a l l  c a se s  the  r e v e r s a l  o f  response  occu rred  only  f o r  
r e g io n s  whose motor t r a c t s  ( a cco rd in g  to  v .F r i s c h )  were 
i n t e r r u p t e d .  I f  the  i n n e r v a t e d  response  were mediated  by 
a r e f l e x  mechanism from th e rm o re cep to rs  i n  th e  sk in  one 
m igh t  expec t  to  o b t a i n  r e v e r s a l  by i n t e r r u p t i n g  the  sensory  
t r a c t s  a lo n e .  The f a i l u r e  to  ach ieve  t h i s  r e s u l t  thus  
e l i m in a t e s  a l l  bu t  t h r e e  p o s s i b l e  pathways f o r  the  senso ry  
f i b r e s .
(1) Sensory f i b r e s  might fo l lo w  e x a c t ly  th e  same p a th s  as 
th e  motor f i b r e s ,  running i n  th e  autonomic ch a in  and 
e n t e r in g  th e  s p in a l  cord a t  th e  l 5 t h  v e r t e b r a .  Thus nerve
s e c t i o n  could  no t  i n t e r r u p t  one pathway a lone .  This system
i s  though t  to  be ex trem ely  u n l i k e l y  s in ce  th e  tem pera tu re
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re spo nse  i s  s t r i c t l y  l o c a l  i n  a c t i o n  and such a long  r e f l e x  
pathway would have to  in v o lv e  p o i n t - t o - p o i n t  con nec t io ns  
w i t h i n  the  b r a i n .  The r e a c t i o n  i s  no t  a n a t u r a l  one shown 
by minnows when com ple te ly  immersed and th e  h igh  tem p era tu re  
e f f e c t  occu rs  a t  te m p e ra tu re s  l e t h a l  to  immersed f i s h .  I n  
view of  t h i s  ap p a ren t  l a c k  of  any a d a p t iv e  fu n c t io n ,  any 
t h e o ry  p o s t u l a t i n g  a complex n eu ra l  a p p a ra tu s  appears  to  
have l i t t l e  to  commend i t .
(2) The axon r e f l e x  th e o ry  o f  Smith ( s e e  Chapter I d ) .  This 
p o s t u l a t e s  t h a t  the  t e rm in a l  motor neuron to  th e  melanophore 
a l s o  has a b ranch  to  a senso ry  c e l l  i n  the  sk in .  Sensory 
im p u lse s  could run  f i r s t  a n t id r o m ic a l ly  and th e n  o r th o -  
d ro m ic a l ly  to  reach  the  e f f e c t o r  c e l l .  An analogy was drawn 
m t h  th e  v a s o d i l a t o r  r e f l e x  of  mammals. Kuntz (1953) 
d e s c r i b e s  b o th  g a n g l io n ic  and p o s tg a n g l io n ic  axon r e f l e x e s  
i n  mammals b u t  s t a t e s  t h a t  bo th  a re  p u re ly  exper im enta l  
phenomena and the  e x te n t  of  t h e i r  normal i n f l u e n c e  has y e t  
t o  be de term ined .  Celander and Folkow (1953) in vestiga tin g  
th e  v a s o d i l a t o r  axon r e f l e x  o f  c a t s  found t h a t  on ly  p a in  
f i b r e s  were p ro v id ed  w i th  t h i s  arrangem ent.  "The i n c r e a s e  
o f  cu taneous  b lood  f low  which fo l lo w s  on moderate h e a t in g  of  
th e  s k in  i s  no t  due to  an a c t i v a t i o n  of  axon r e f l e x e s  
connected  to  tem p era tu re  f i b r e s  b u t  to a d i r e c t  e f f e c t  on th e  
v a s c u l a r  smooth m usc les" .  " . . . i t  fo l lo w s  t h a t  th e  f u n c t i o n  
o f  th e  axon r e f l e x  i s  s o l e l y  con f ined  to  evoke a l o c a l  i n c r e a s e  
o f  b lood  f low  th rough  s u p e r f i c i a l  t i s s u e s  exposed to noxious
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inf luences**.  An example quoted  i s  f l a r e  around a cu t  o r  
weal.  S ince the  arrangement i s  more s p e c i f i c  th a n  was 
fo rm e r ly  supposed i t  does no t  appear  to  l e n d  i t s e l f  q u i t e  
so r e a d i l y  to  th e  e x p la n a t io n  of  o th e r  cu taneous  r e a c t i o n s ,  
such as  th e  melanophore re sp o n se .  Again the  l a c k  of  
obv ious  a d a p t iv e  s i g n i f i c a n c e  makes th e  * inven t ion*  of  a 
new and s p e c i f i c  a p p a ra tu s  u n d e s i r a b l e .  A f u r t h e r  draw­
back i s  t h a t  i t  i s  d i f f i c u l t  to  see how s e c t i o n  of  th e  
a n t e r i o r  end of  the  s p in a l  cord , o r  even th e  o p t i c  n e rv es ,  
cou ld  i n t e r f e r e  m t h  a p e r ip h e ra l ,  t h r e e  c e l l  mechanism of 
th e  type p o s t u l a t e d .
( 3) Sensory f i b r e s  may ru n  to the b r a i n  by an  e n t i r e l y  
d i f f e r e n t  r o u te ,  no t  in v o lv in g  th e  s p in a l  cord o r  sym pathe t ic  
cha in .  Only one such ro u te  can be sugges ted ,  t h a t  v i a  th e  
l a t e r a l i s  system. Although the  same arguments apply as i n
( 1 ) and p o i n t - t o - p o i n t  co n n e c t io n s  i n  th e  b r a i n  must be 
p o s t u l a t e d ,  t h i s  theory appeared to  be of  s u f f i c i e n t  
i n t e r e s t  to  be co n s id e red  i n  f u r t h e r  d e t a i l .
d. The Role o f  th e  L a t e r a l i s  System.
The q u e s t i o n  of  tem p e ra tu re  r e c e p t io n  i n  f i s h e s  i s  
s t i l l  much debated. Some authors claim t h a t  temperature 
i s  th e  c o n t r o l l i n g  i n f l u e n c e  i n  annual sexual  development 
b u t  o t h e r s  m a i n t a i n  t h a t  l i g h t  i s  the  o p e r a t iv e  f a c t o r .
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Reviewers of the  su b je c t  (A l len ,  Danforth  and Doisy, 1939; 
Burrows, 19^9; M arsh a l l ,  19)+2; Rowan, 1938 ) tend  to  t r e a t  
i t  as  an open q u e s t i o n  o r  to  sugges t  t h a t  b o th  f a c t o r s  a re  
i n f l u e n t i a l .  They v a r i o u s l y  quote  C o u r r ie r  (1922 ) and 
C ra ig -B en n e t t  ( 1 9 3 0  on G -as te ros teus . and Turner  (1919) on 
P e r e a , i n  fa v o u r  of  tem p era tu re  and denying th e  e f f e c t  of  
l i g h t ,  a l th o u g h  no sensory  o r i g i n  i s  sugges ted .  The 
fo l lo iv ing  a u th o r s  a re  s a id  to  re g a rd  l i g h t  as im portants  
B u l l a ig h  ( 19^ 0) on P h oz inu s . Hoover (1937) and Hoover and 
Hubbard (1937) on S a l v e l i n u s . Spaul (1938) on Phoxinus and 
T inbergen  (1938) on G a s t e r o s t e u s .
El ec t ro p h y  s i  o lo g ic a l  experim ents  on l a t e r a l  l i n e  organs 
by Sand (1938) on R a ia . by Ho ag i  and (1933^ and b) on Ameiurus 
and S a l v e l i n u s . and by Murray (1955, 1956) on X enom s. and 
on ampullae of L o ren z in i  by Sand (1938) and Murray (1959),  
show a r e l a t i o n  between th e  r a t e  of  spontaneous d isch a rg e  
from th e s e  o rgans  and t h e i r  tem pera tu re .  Both adap ting  and 
n o n -a d ap t in g  components of  o p p o s i te  s ig n  were u s u a l l y  p r e s e n t .  
Thus co o l in g  caused a qu ick  r i s e  i n  the  d i sc h a rg e  r a t e  which 
th e n  f e l l  t o  a low er  l e v e l  th a n  b e fo re ,  wliile h e a t in g  caused 
o p p o s i t e  r e sp o n se s .  The s e n s i t i v i t y /  o f  l a t e r a l  l i n e  organs 
was low and Hoagland d id  no t  observe the  i n i t i a l  re sponses ,  
p ro b a b ly  because  M s  tem p era tu re  changes were slow. However 
th e s e  e f f e c t s  may be fundamental  t o  a l l  spon taneously  
d i s c h a r g in g  r e c e p t o r s  f o r  Sand (1938) found t h a t  muscle 
s t r e t c h  r e c e p t o r s  respond i n  th e  same way i f  under  s l i g h t
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t e n s io n .  Bernhard and G ra n i t  (19^ 6) showed t h a t  under  
c e r t a i n  c o n d i t i o n s  hyper e x c i t a b l e  nerve f i b r e s  m i l  a c t  i n  
t h i s  way and Kerkut and Tay lo r  (1956) o b ta in ed  s i m i l a r  
r e s u l t s  on th e  spontaneous a c t i v i t y  of g a n g l ia  from th e  s lu g ,  
cockroach  and c r a y f i s h .  Furthermore B ullock  (1953) has 
warned t h a t  a response  to  a g iven  s t im ulus  does no t  n e c e s s a r i l y  
im ply  s p e c i f i c i t y  f o r  t h a t  s t im u lu s  and c e n t r a l  i n t e r p r e t a t i o n  
must be t a k e n  i n t o  accoun t .
B u l l  ( 1 9 2 8 , 1 936 ) ,  by means of co n d i t io n ed  b eh a v io u ra l  
expe r im en ts  on B lenn ius  and s e v e ra l  o th e r  sp e c ie s  o f  t e l e o s t ,  
dem onstra ted  a tem p era tu re  s e n s i t i v i t y  t o  changes of 0 .0 3  -  
O.IO^C. D i jk g ra a f  (19^0) o b ta in ed  s i m i l a r  re sponses  from 
Phoxinus and Ameiurus. Rubin (1935) found t h a t  i f  th e  l a t e r a l  
l i n e  n e rves  of  s e v e ra l  t e l e o s t s  were cu t ,  the  f i s h  were no 
l o n g e r  d i s t u r b e d  by I'ligh tem p era tu re s  ( 27^0.) u n t i l  th e  
l e t h a l  l e v e l  was a t t a i n e d .  Andrews (19^ 6 , 1952) observed 
t h a t  C a ra s s iu s  a u ra tu s  became i n s e n s i t i v e  to  b r i g h t  l i g h t  
a t  h ig h  te m p e ra tu re s ,  b u t  t h a t  h ig h e r  tem p era tu re s  were 
needed i f  th e  l a t e r a l  l i n e  nerves  were cu t .  However 
S u l l i v a n  (1 9 ^h) m a in ta in ed  t h a t  tem pera tu re  r e c e p t io n  i n  
S a l v e l i n u s  f o n t i n a l i s  was no t  m ediated  by th e  l a t e r a l  l i n e .
Di j k g r a a f  (19^0) ,  by means of  nerve s e c t i o n  experim ents ,  
concluded t h a t  therm o-sensory  im pulses  p a s s  up th e  s p in a l  
cord, b u t  Hoagland had e a r l i e r  been unab le  to  d e t e c t  such
im p u lse s  e l e c t r i c a l l y .
To summarise, f i s h e s  a r e  v e ry  s e n s i t i v e  to  tem pera tu re :
^0 .
th e  l a t e r a l  l i n e  i s  p o t e n t i a l l y  capable  of  a c t i n g  as a 
r e c e p t o r  b u t  may only  p la y  an e f f e c t i v e  p a r t  a t  extreme 
te m p e ra tu r e s .  The p r e s e n t  experim ents  do employ extreme 
t e m p e ra tu re s  and th e  p o s s i b i l i t y  of sensory  pathways m t l i i n  
t h e  s p in a l  cord has been  r u le d  out .  I t  th u s  appears  
i n t e r e s t i n g  t o  i n v e s t i g a t e  th e  e f f e c t  o f  e l im in a t in g  th e  
a c t i o n  of th e  l a t e r a l i s  system on the  responses  ob ta ined .
An ex am ina t io n  of  th e  minnow showed t h a t  the  l a t e r a l  
l i n e  i s  p o o r ly  developed and seldom extends  over more th a n  
t w o - t h i r d s  of  th e  l e n g t h  o f  th e  body. E x t e r n a l l y  i t  i s  
ap p a ren t  as  a wavy l i n e  r a t h e r  v e n t r a l  i n  p o s i t i o n .
D i s s e c t i o n  of  th e  t e n t h  c r a n i a l  nerve,  however, r e v e a le d  t h a t  
t h e  l a t e r a l  cu taneous  b ranch  i s  ve ry  well  developed. As 
shown i n  F igu re  3 t l i i s  nerve runs s t r a i g h t  a long th e  body 
i n  a m i d - l a t e r a l  p o s i t i o n  and i s  much t h i c k e r  th an  th e  
l a t e r a ] . i s  b ranch .  M though  th e re  i s  no canal  system 
a s s o c i a t e d  \ d t h  t h i s  nerve ,  segmental b ranches  appear to  se rve  
most o f  th e  body su r fa c e .
J u s t  p o s t e r i o r  to  the  operculum a t  th e  p o s i t i o n s  shown 
i n  F ig u re  3 b o th  nerves  l i e  j u s t  below th e  sk in .  Using a 
t e c h n iq u e  s i m i l a r  to  t h a t  o f  Gray (1955a) f o r  caudal band 
s e c t i o n ,  a small  c h i s e l - l i k e  p ie c e  of r a z o r  b lad e ,  0 .5  -  1 # 0 mm, 
wide, was u sed  to  cut  th e s e  b ranches .  The f i s h  were 
a n a e s t h e t i s e d  and l a i d  on wax. Then the  b lad e ,  he ld  i n  
a r t e r y  f o r c e p s ,  was s l ip p e d  u n d e r  the  p o s t e r i o r  b o rd e rs  of 
th e  s c a l e s  b e f o r e  being  d i r e c t e d  downwards below the  sk in .
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I n  t h i s  way only l i g h t  p r e s s u r e  was r e q u i r e d  and the  c le a n  
wound c lo sed  on withdrawal of the  b lade .  The f i s h  appeared 
i n  no way d i s t u r b e d  by the  wound. As f o r  a l l  o th e r  
o p e r a t io n s ,  n e r v e - s e c t i  on was l a t e r  checked by p o s t  mortem 
di  s s e c t i  on.
I n  the  f i r s t  experiment fo u r  f i s h  were ta k e n  and t e s t e d  
f o r  normal tem p era tu re  re sp on ses .  The l a t e r a l i s  branch 
was th e n  cu t  on one s id e  on ly  i n  two f i s h e s  and on bo th  s id e s  
i n  th e  o th e r  two. A f t e r  2 h  hours  a l l  the  f i s h  were 
r e t e s t e d  w i th  w a te r  a t  and a t  O^C. on bo th  f l a n k s .
I n  every  case  the  re sponses  were e n t i r e l y  normal.
I n  th e  second experiment e ig h t  f i s h  were talien and 
t e s t e d  f o r  normal re sp o n se s .  I n  two the  l a t e r a l i s  b ranch  
was cu t  on b o th  s id e s ,  i n  two th e  l a t e r a l  cutaneous branch  
was cu t  on b o th  s id e s ,  i n  two bo th  nerves  were cu t  on bo th  
s id e s  and i n  th e  remaining two bo th  b ranches  were cu t  on th e  
l e f t  s id e  only . A f te r  ^8  hours  a l l  the  f i s h e s  were 
r e t e s t e d  on bo th  f lan l is  as b e fo re  and each appeared f u l l y  
normal. No reversal o r  d im in u t io n  of response  was found. 
S e c t io n  of b o th  branches  on bo th  s id e s  was re p ea ted  i n  
s e v e r a l  normal f i s h  a t  a l a t e r  da te  i n  co nn ec t ion  w i t h  
exp e r im en ts  i n  the  c o n s ta n t  o b s e rv a t io n  tank  (C hapter  111b).  
Only th e  h ig h  tem pera tu re  re sponses  were th e n  checked b u t  
a l l  specimens gave complete melanophore d i s p e r s io n .
A p o i n t  a r i s i n g  from th e s e  experiments  d ese rves  m ention  
i n  r e l a t i o n  t o  th e  l i t e r a t u r e  d e sc r ib ed .  When p lace d  on
^3.
V .  Frisch* s a p p a ra tu s  many minnows re fu s e d  t o  l i e  q u i e t l y .  
V/hen the  ho t  o r  co ld  j e t s  were p layed  upon th e  sk in ,  o r  
when th e  tem pera tu re  was r e v e r s e d  from one extreme t o  the  
o t h e r ,  many q u i e t  minnows became e x c i te d  and s t ru g g le d ,  even 
i f  th e y  had been s u b jec ted  to  sp in a l  s e c t io n .  Such 
exper im en ts  were always abandoned. A ll  the  f i s h e s  i n  which 
b o th  l a t e r a l  ne rves  were cu t  gave l i t t l e  o r  no t ro u b le  when 
once i n s t a l l e d  on the  a p p a ra tu s .  Reversal o f  extreme 
te m p e ra tu re s  r a r e l y  caused any d i s tu rb a n c e ,  and t l i i s  was the  
r e a s o n  f o r  r e p e a t in g  the  p rocedure  i n  the  co n s tan t  
o b s e r v a t io n  tank  experim ents  ( s e e  Chapter I l l b ) .
Thus a l th o u g h  th e  l a t e r a l i s  system may have a thermo- 
sensory  fu n c t io n ,  i t  appeared to  p la y  no p a r t  whatsoever i n  
m ed ia t in g  the  normal re spo nses  t o  l o c a l l y  a p p l ied  
te m p e ra tu re s  i n  the  minnow. Only two p o s s i b l e  r e f l e x  p a th s  
remain and th e s e  appear to  be in c a p a b le  of  be ing  pu t  to  
ex p e r im en ta l  t e s t  a t  t h i s  s tag e .  However, they  are  
co n s id e red  t o  be ex trem ely  u n l i k e l y  f o r  th e  reasons  a l r e a d y  
mentioned.  The r e f l e x  th e o ry  was t h e r e f o r e  r e j e c t e d  and 
a s ea rch  made f o r  an a l t e r n a t i v e  theory .
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The re sp o n se s  which v . F r i s c h  r e p o r te d  f o r  denerva ted  
melanophores  when t e s t e d  6 hours  to  2 days a f t e r  the
o p e r a t i o n  were said to be weak and o f t e n  p a tch y .  I t  i s  
presumed t h a t  l o n g e r  p e r io d s  were p rec lu ded  by v a s c u la r  
damage to  the  f i s h .  The experim ents  so f a r  d e s c r ib e d  h e re  
were perform ed a t  Aberystwyth and i n  a l l  ca ses  a c l e a r  
d en e rv a ted  re sponse  was observed a l though  m ic ro sco p ica l  
exam ina t ion  o f t e n  showed the  r e a c t i o n  to  be r a t h e r  pa tchy .
I t  was found t h a t  ^8 hours  a f t e r  th e  o p e r a t io n  some f i s h  
responded as  d e s c r ib e d  by v . F r i s c h  b u t  t h a t  xvithin a week a l l  
gave d e f i n i t e  re spo nses .  I t  appeared t h a t  the  in n e r v a te d  
e f f e c t  gave way to  the  d ene rv a ted  one more or  l e s s  s lowly 
i n  d i f f e r e n t  i n d i v i d u a l s .
At a l a t e r  d a te  t h i s  development was r e i n v e s t i g a t e d  on 
f i s h e s  from G ra v e t ie ,  S urrey .  Now no c l e a r - c u t  re sponses  
could  be o b ta in e d  a f t e r  s p in a l  s e c t i o n  a n t e r i o r  to  v e r t e b r a  
1 5 . S ix f i s h  were ta l ien  and t h e i r  re sponses  to  h igh  
te m p e ra tu re  were checked. Each f i s h  was marked by c l ip p in g  
th e  f i n s  and s u b je c te d  to  a n t e r i o r  s p in a l  s e c t io n .  A f te r  
48 hours  and a g a in  a f t e r  7 days each was retested  with  j e t s  
up to  35^C. I n  ano th e r  experiment f i v e  f i s h  were t e s t e d  
s e v e r a l  weeks a f t e r  sp in a l  s e c t io n .  I n  none of th e se  
e le v e n  f i s h  was a c o n s i s t e n t  response  observed. Melanophore 
r e a c t i o n s  were e i t h e r  absen t  o r  apparently haphazard.
Smith and Smith (1935) also sta te  t h a t  they  were u n ab le  to  
o b t a i n  r e v e r s e d  responses  a f t e r  d e n e rv a t io n  i n  Phoxi
Spaeth  (1 9 1 3 a and b) and Smith (1928) r e p o r t e d  s t rong  
re sp o n se s  o f  th e  denerva ted  type i n  melanophores a t t a c h e d  
to  i s o l a t e d  s in g le  s c a le s  of Fujaduluâ- I t  was dec ided  to
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i n v e s t i g a t e  whether s i m i l a r  re sponses  could be o b ta in ed  from 
Phoxinus.- The s c a le s  of  the  minnow a re  ex trem ely  small and 
i f  removed i n d i v i d u a l l y  do not  b e a r  any melanophores with  
them, so t h a t  l a r g e r  p i e c e s  of sk in  had to  be u sed .  A 
s e l e c t e d  minnow was com ple te ly  a n a e s th e t i s e d  i n  0 . 5^ 
u r e th a n e  s o l u t i o n  and l a i d  on a wax d i s s e c t i n g  p l a t e .  Two 
deep l o n g i t u d i n a l  i n c i s i o n s  were made i n  the  sk in ,  one 
do r  s a l l y ,  th e  o th e r  m id-ven t  r a l l y ,  from the  operculum to  th e  
caudal  f i n .  The a n t e r i o r  end of  the  s t r i p  of  sk in  thus  
d e f in e d  was g e n t l y  r a i s e d  m t h  fo rc e p s  and f r e e d  from the  
body m u scu la tu re  by a scy th in g  a c t io n ,  moving p o s t e r i o r l y .  
Once f r e e ,  th e  s t r i p  of s k in  was immersed i n  Young’ s Ringer 
s o l u t i o n  (Appendix IV) and d iv id ed  up m t h  sharp s c i s s o r s .  
The whole p ro c e s s  could be acccmplished i n  10 - 15 seconds. 
Knives were made from new r a z o r  b lad es  and each was 
d i s c a rd e d  a f t e r  one experiment.  With ca re  very  l i t t l e  
subcutaneous t i s s u e  was r e t a i n e d  and th e  melanophores 
appeared  to  be undamaged. The a n t e r i o r  end of  the s t r i p ,  
h e ld  i n  fo r c e p s ,  was always d isca rd ed .  The f i s h  was always 
d e c a p i t a t e d  a f t e r  s u f f i c i e n t  sk in  had been removed.
A t e m p e r a tu r e - c o n t r o l l e d  microscope s tage  was 
c o n s t r u c te d  from th ree  sh e e ts  of  b r a s s  4 ” x 4 ” x i " ,  
sandwiched to g e t h e r  m t h  g a sk e ts  of paper  and s h e l l a c .
The m iddle  p ie c e  was cu t  as shown i n  F igure  4 t o  form a 
channel th rough  which water  could be passed  and th e  whole 
was cemented to  a p iece  of p l a t e  g l a s s .  A second channel
Fi t + .
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a l low ed  a m e r c u r y - i i v g l a s s  thermometer to  be i n s e r t e d  i n t o  
th e  b lock  and a c e n t r a l  ho le  accep ted  a square-ended  g l a s s  
tu b e  c o n ta in in g  th e  specimen which was i l l u m i n a t e d  from 
below. I n  p r a c t i c e  t h i s  ho le  was h a l f  f i l l e d  w i th  w a te r  
which formed a h e a t  j u n c t i o n  when the  tube was i n s e r t e d .
The te m p era tu re  i n  th e  tube i t s e l f  was m onitored  by a 
therm ocouple  thermometer (Appendix I ) .
Temperature c o n t ro l  o f  t h i s  ap pa ra tu s  proved to  be ve ry  
simple due t o  the  l a r g e  therm al  i n e r t i a  of the  b lock ( th e  
weight  o f  the  b r a s s  was 2 .3  kgm., th e rm a l ly  e q u iv a le n t  t o  
211  ml. o f  w ate r ;  th e  volume of the  channel was 15  m l . ) .
One th e rm o s ta t  tanlc (Appendix I I )  was f i l l e d  m t h  i c e  and 
w ate r ,  and th e  o t h e r  was run  a t  some h igh  tem pera tu re ,  
g e n e r a l l y  about VC°C. Water was th en  siphoned from one of  
t h e s e ,  th rough  the  m icroscope s tage  to  a s ink ,  a t  a r a t e  of 
about 500 m l . /m in u te .  When th e  mercury thermometer 
r e g i s t e r e d  th e  r e q u i r e d  tem p era tu re  the  s iphon was stopped. 
No m easurab le  overshoot  o ccu rred  and changes towards roan 
te m p e ra tu r e  were ex trem ely  slow. Temperature changes 
m t h i n  th e  specimen tube as r e g i s t e r e d  by the  thermocouple 
la g g e d  on ly  s l i g h t l y  behind tho se  o f  th e  s tag e  i t s e l f .
Only minnows from G ra v e t ie  were a v a i l a b l e  f o r  th e se  
t e s t s .  Twelve f i s h  were u sed  and a l l  were f i r s t  t e s t e d  f o r  
normal re sp o n ses  to  background r e v e r s a l .  I n  t u r n  a small 
undamaged p ie c e  of sk in  from each f i s h  was immersed i n  a 
tube  o f  R inger and i n s e r t e d  i n t o  the  s tag e .
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Each specimen was s u b je c te d  to  extreme tem pera tu res  of 
2 -  if^C. and 3V -  35^0. and b o th  quick and slow tem pera tu re  
changes were t r i e d .  At th e  end of  each experiment a l i t t l e  
a d r e n a l i n  was added to  the  tube  a t  20^C. ; quick and complete 
melanophore a g g re g a t io n  dem onstra t ing  t h a t  the  melanophores 
were s t i l l  p h y s i o l o g i c a l l y  a c t i v e .
R ather  v a r i a b l e  r e s u l t s  were o b ta in ed .  Seven of  the  
twelve  p r e p a r a t i o n s  gave c l e a r  responses  i n  th e  denerva ted  
d i r e c t i o n  bu t  the  response  appeared to  d e t e r i o r a t e  w ith  t ime. 
At the  beg inn ing  o f  each experiment re sponses  were o b ta in ed  
on ly  from p a tc h e s  of melanophores. I n  p a r t i c u l a r  the  
melanophores around the  p e r ip h e r y  of th e  p r e p a r a t i o n  
appeared  to  be i n e r t ,  p o s s i b l y  due to  damage during  
d i s s e c t i o n  and m an ip u la t io n .  As time went on more and more 
melanophores f a i l e d  to  respond, the  speed of  r e a c t i o n  
d ec rease d  and i n  some ca ses  th e  responses  became wealcer.
At f i r s t  most p r e p a r a t i o n s  gave complete re sponses  almost 
as  q u ic k ly  as  th e  tem pera tu re  could be changed bu t  a f t e r  
h a l f  an hour se v e ra l  m inutes  a t  a s u s ta in e d  extreme 
te m p e ra tu re  were re q u i r e d  to  produce a p a r t i a l  response .
These p r e p a r a t i o n s  a l l  r e a c te d  to  the  a d d i t i o n  of a d r e n a l i n  
and i n  most ca ses  even the  i n e r t  melanophores responded 
no rm ally  by quick ag g reg a t io n .
Three p r e p a r a t i o n s  showed no change a t  a l l  to  
te m p e ra tu re  v a r i a t i o n s ,  whether quick or  slow, o r  to  
p ro lon g ed  extreme tem pera tu res .  All  responded com plete ly
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t o  a d r e n a l in .  The remaining two p r e p a r a t io n s  d id  not  
respond to  a d r e n a l in ;  one showed no response to  tem pera tu re  
v a r i a t i o n s ,  w h i le  the  o th e r  responded s t ro n g ly  a t  f i r s t  ( i n  
th e  d en e rv a ted  d i r e c t i o n )  b u t  l a t e r  became i n e r t .  I n  no 
ca se  was a response  i n  the  in n e rv a te d  d i r e c t i o n  (a s  i n  the  
i n t a c t  f i s h )  observed even i n  a s in g le  melanophore.
These r e s u l t s  a re  no t  so well  d e f ined  as those  d e sc r ib ed  
by Spaeth and Smith f o r  i s o l a t e d  s c a le s  of Fundulus. bu t  
th ey  a re  t o  a l a r g e  e x te n t  conf irm atory .  The l a c k  of 
u n i f o r m i t y  and p a tc h in e s s  of  response appear  to  sane e x te n t  
t o  match th e  response  of l i v e  denerva ted  minnows. According 
to  the  d e s c r i p t i o n s  of Smith (1928) the  response  of 
denerva ted  a r e a s  of Fundulus i s  much s t ro n g e r  and more 
d e f i n i t e  th a n  t h a t  observed i n  Phoxinus. There appears  to  
be no evidence f o r  opposing the  view he ld  by bo th  v. F r i s c h  
and Smith t h a t  the  response  of denerva ted  a r e a s  i s  t h a t  of 
th e  melanophores a c t in g  as independent  e f f e c t o r s .  The 
l a c k  of  den e rva ted  response i n  the  l i v e  G rav e t ie  minnows i s  
t h e r e f o r e  p u z z l in g .  P o s s ib ly  endocrine  f a c t o r s  m ain ta ined  
such r i g i d  c o n t ro l  i n  th e se  f i s h  t h a t  th e  melanophores were 
n o t  f r e e  t o  respond ind ep en den t ly  u n t i l  removed to  a tube of 
R inger  s o l u t i o n .  This argument may be supported  by the  
comparison between Phoxinus and Fundulu^., where endocrine 
c o n t r o l  by the  p i t u i t a r y  i s  v e ry  s l i g h t  and p o s s ib ly  absen t  
a l t o g e t h e r  (Mathews, 1933)* Experiments on hypophysectomised 
f i s h  were i n d i c a t e d  but  could not  be u n d e r ta k e n  a t  t h a t  time.
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f . The P e r i p h e r a l  I n t e r f e r e n c e  Theory.
From th e  r e s u l t s  so f a r  d e sc r ib ed  i t  i s  c l e a r  t h a t  the  
nervous  system p la y s  a p a r t  i n  m edia t ing  the  tem pera tu re  
re sp o n se s  i n  the  i n t a c t  minnow as i n  Fundulus. I n  the  
absence of any ev idence to  the  co n t ra ry  i t  i s  supposed t h a t  
t h e  dene rva ted  response i s  due t o  independent a c t i o n  by th e  
melanophore c e l l s .  Thus i n  the  i n t a c t  f i s h  the  nervous 
system must impose an o v e r r id in g  in f lu e n c e .  The th eo ry  of  
m e d ia t io n  by a r e f l e x  pathway has been r e j e c t e d .  V .F r is ch  
sugges ted  as an a l t e r n a t i v e  t h a t  bo th  responses  a re  due t o  
in dependen t  a c t i o n  by the  melanophores bu t  t h a t  the  re sponses  
a re  i n  sane way a f f e c t e d  by nerve d egene ra t ion .  This ag a in  
seems u n l i k e l y  as s p in a l  cord s e c t i o n  j u s t  p o s t e r i o r  to  the 
m edulla  o b lo ng a ta  produces r e v e r s a l  of response  over the  
whole su r fa ce  of th e  f i s h ,  whereas one would expect a t  l e a s t  
one synapse between t h i s  l e v e l  and t h a t  of the  melanophore. 
Also Smith found r e v e r s a l  i n  Fundulus a f t e r  o p t i c  nerve 
s e c t io n ,  which would not be expected to  cause d eg e n e ra t io n  
o f  chromatic  motor f i b r e s .  Furthermore i t  has been 
observed  t h a t  the  r e v e r s a l  of  response does no t  occur 
im m ed ia te ly  a f t e r  dene rva t ion ,  y e t  denerva ted  responses  
were found i n  sk in  p r e p a r a t io n s  almost im media te ly  a f t e r  
removal from the  body when th e  nerve endings would not have 
t ime to  deg en e ra te .  A d i r e c t  t e s t  of  t h i s  theo ry  cannot
be d es igned  however.
A new th e o ry  proposed here  does not  rec^uire the
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p re se n c e  of any nervous e lements  o th e r  th an  those  employed 
i n  normal chrom atic  re sponses  to  background co lou r  or 
i l l u m i n a t i o n .  I t  assumes the  folloiving p o i n t s : -
( 1 ) The chrom atic  motor f i b r e s  i n  the i n t a c t  f i s h  c a r ry
a t o n i c  d i s c h a rg e  whose f requency  c o n t ro l s  the  s t a t e  of  th e  
e f f e c t o r  c e l l .  Tliis appears  to  be well supported  by 
s t u d i e s  of  th e  c o n t ro l  of o th e r  autonomic e f f e c t o r s
(Kuntz, 1953).
(2) P e r i p h e r a l l y  the  f i b r e s  run  i n  the  sk in ,  c lo se  to  the  
s u r f a c e  of  the  f i s h ,  where they  may be s u s c e p t ib l e  to  
e x t e r n a l  i n f l u e n c e s .  This  i s  supported by th e  m ic ro sc o p ic a l  
s t u d i e s  of  B a l l o m t z  (1893) on P erea  and o f  Whitear (1952)
on Phoxinus. Ueda (1955) obtained experimental evidence 
of nerve ram ification in  the skin of Gambusia sn. and 
Pseudorasbora sn. by e le c tr ic a l stim ulation of iso la ted  
scale preparations.
( 3 ) Water of  extreme tem p era tu re s  app l ied  to  the  su r fa c e  
o f  th e  f i s h  may s u f f i c i e n t l y  modify the  nervous a c t i v i t y  
p a s s in g  to  th e  melanophores to  produce a complete imbalance 
i n  the  e f f e c t o r  c e l l .
There a re  se v e ra l  ways i n  which t h i s  i n t e r f e r e n c e  
m ight  be e f f e c t e d  s ince  i t  could occur a t  sev e ra l  l e v e l s .
The motor n e r v e - f i b r e ,  th e  chromo-neura l  j u n c t i o n  and the  
e f f e c t o r  i t s e l f  each in v o lv e  a number of  f a c t o r s  which 
cou ld  be i n f l u e n c e d  by a p p l ie d  tem pera tu res .  A ll  such 
p o s s i b i l i t i e s  depend on th e  f a c t  t h a t  each melanophore has
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numerous ne rve -end ing  s ap p l ie d  to  i t  (B a l lo w i tz ,  1893) .  
Presumably each branch  responds to  the l e v e l  of s t im u la t io n  
i t  r e c e iv e s  from the  motor endings.  I n  support  of  t h i s  
p o s t u l a t e ,  Gray (1955a and b) has r e c e n t ly  shown t h a t  the  
re sponse  of  a s in g le  melanophore may be asymmetrical;  the  
c e l l  may be "doing one th in g  i n  one h a l f  and a d i f f e r e n t  
t h in g  i n  the  o th e r " .  This would not be p o s s ib l e  i f  the  
c e l l  produced a propis^gated response to  every  motor im pulse .  
The f i n d in g s  of K in o s i t a  (1953) a l s o  suggest  t h i s  mode of  
a c t i  on.
I f  only  a s in g le  i n n e r v a t i o n  i s  adm it ted ,  d i f f i c u l t i e s  
a r i s e  i n  th e  e x p la n a t io n  of t h i s  proposed tem pera tu re  
i n f l u e n c e ,  and the  th eo ry  must be r e j e c t e d .  I t  could be 
t h a t  low tem pera tu res  i n c r e a s e  the  in f lu e n c e  of  p a l in g  
f i b r e s ,  so causing  melanophore ag g reg a t io n .  Conversely, 
h ig h  tem p e ra tu re s  could dec rease  t h e i r  i n f lu e n c e  and 
produce melanophore d i s p e r s io n .  But a t  ve ry  h igh 
t em p era tu re s  the  unopposed agg rega t ing  in f lu e n c e  would be 
so f a r  su.ppressed t h a t  the  melanophores would be f r e e  to  
respond in d ep en d e n t ly .  They would then  aggregate  t h e i r  
pigment, b u t  t h i s  has not been observed. The acceptance 
o f  a double a n t a g o n i s t i c  i n n e r v a t i o n  could e l im in a te  th ese  
d i f f i c u l t i e s  by p e r m i t t in g  d i f f e r e n t i a l  e f f e c t s .  Thus 
h igh  tem p era tu re s  may an tag o n ise  p a l in g  in f lu e n c e  or 
a c c e n tu a te  darkening  i n f l u e n c e s  while low tem pera tu res  
could  have the  o p p o s i te  e f f e c t s .
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The m a j o r i t y  o f  tem p era tu re  e f f e c t s  which could produce 
th e s e  re sp on ses  a re  con t inuous  and would produce graded 
re sp o n ses  over  th e  whole tem p e ra tu re  range in v o lv ed .  I t  
m i l  be shown l a t e r  t h a t ,  as  suggested  by Smith (1923) , the  
tem p era tu re  re sp o n ses  of i n n e r v a te d  melanophores are  
d i s c o n t in u o u s  and only  occur  a t  extreme th r e s h o ld  
te m p e ra tu re s ,  m t h  no te m p e ra tu re  c o e f f i c i e n t  (C hap te r  I l i a  
and f ) .  The e x c i t a t i o n  and b lo ck in g  of nerve  f i b r e s  by 
tem p era tu re  a re  examples of  d i s c o n t in u o u s  phenomena, bo th  
o f  which could  eicplain  th e  observed e f f e c t s .  But nerve 
e x c i t a t i o n  must be r e j e c t e d  f o r  the  same re a so n s  as  v . F r i s c h ’ s 
nerve  d e g e rn a t i  on th e o ry  and a l s o  because no accommodation 
i s  o b ta in ed  du r ing  extended h e a t in g  o r  co o l ing  ( s e e  Dodt,
1953; G ra n i t ,  1955; G ra n i t  and Lundberg, 19^7).
S e l e c t i v e  b lo ck in g  of a double system of nervous c o n t ro l  
a t  extreme te m p e ra tu re s  thu s  remains as  th e  on ly  a c c e p ta b le  
su g g es t io n .
The o p e r a t i o n  of  t h i s  mechanism could be as fo l lo w s .
As th e  tem p e ra tu re  i s  r a i s e d  th e  p a l in g  f i b r e s  become b locked  
b u t  the  darken ing  f i b r e s  a r e  a f f e c t e d  l e s s  o r  no t  a t  a l l .  
R eg ard le ss  of  th e  o r i g i n a l  b a lan c e  of  tonus  th e  a f f e c t e d  
r e g io n  of  s k in  w i l l  then  become maximally  d a rk .  At low 
te m p e ra tu re s  th e  r e v e r s e  m i l  occur  so t h a t  th e  darkening  
f i b r e s  w i l l  be s e l e c t i v e l y  b locked  and th e  s k in  w i l l  
beccme maximally  p a l e .  The th e o ry  demands t h a t  bo th  h ea t  
and o d d  b lock  occur  a t  h ig h e r  te m p e ra tu re s  i n  the
5^.
d i s p e r s i n g  f i b r e s  th an  i n  the  a g g re g a t in g  f i b r e s .  VJhile 
th e  h igh  and low tem p era tu re  re spo nses  may be b rough t  about 
by q u i t e  d i f f e r e n t  means, t h e r e  i s  no ev idence  f o r  t h i s  and 
th e  above th e o ry  appears  a d e q u a te ly  to  account  f o r  bo th .
The slow appearance  o f  th e  dene rva ted  re spo nses  i s  
e x p l i c a b l e  on the  b a s i s  o f  Parker*^s th e o ry  t h a t  the  s e c t i o n  
o f  chrom atic  nerve  f i b r e s  p roduces  r e p e t i t i v e  d i s c h a rg e s  
f o r  some t im e .  VJhile t h i s  th e o ry  has ex pe r ienced  much 
o p p o s i t i o n  i t  has  been  su.pported f o r  th e  minnow by Gray 
( 1 9 5 5 a) and i s  h e re  co n s id e red  to  be the  on ly  a c c e p ta b le  
e x p la n a t io n  a t  p r e s e n t  f o r  some phenomena (C hap te r  Va).
As th e  r e p e t i t i v e  d i s c h a r g e s  d ie  away, th e  melanophores 
would be expec ted  to  become more and more independen t  and 
d i r e c t  re sp o n se s  to  s t im u l i  would appear  g ra d u a l ly .
P h y s io l o g i c a l  l i t e r a t u r e  p ro v id e s  c o n s id e r a b le  
c i r c u m s t a n t i a l  su pp o r t  f o r  th e  p e r ip h e r a l  i n t e r f e r e n c e  
th e o ry .  According to  Kuntz (1953) double s y n e r g i s t i c  
i n n e r v a t i o n  of  autonomic e f f e c t o r  organs,  whose a c t i v i t y  
i s  de te rm ined  by th e  b a la n c e  of tonus ,  was f i r s t  proposed 
by Eppinger  and Hess i n  1909 and now appears  to  be th e  
r u l e  f o r  many such organs i n  mammals. I n  a d e t a i l e d  review 
Kuntz s t a t e s  t h a t  sym pathe t ic  and p a ra sy m p a th e t ic  tonus 
b e a r  an i n v e r s e  r e l a t i o n  to  each o th e r .  There i s  l i t t l e  
ev idence  t h a t  t h i s  a p p l i e s  to  s i m i l a r  o rgans i n  t e l e o s t s  
where t h e r e  i s  no c l e a r  d i v i s i o n  of  the  autonomic t r a c t s  
i n t o  sym pa the t ic  and p a ra sy m p a th e t ic  systems, f o r  example 
c a rd ia c  a c c e l e r a t o r  f i b r e s  a r e  ab se n t  i n  t e l e o s t s
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(Kisch ,  19^8 ; Ni c o l , 1952). N e v e r th e le s s  i f  double 
i n n e r v a t i o n  of melanophores can be dem onstra ted ,  i t  does 
n o t  seem u n re a so n a b le  to  p ropose  t h a t  the  c o n t ro l  
mechanism may be s i m i l a r  to  t h a t  found i n  mamma].s. A
complete d i s c u s s i o n  of the  case f o r  double i n n e r v a t i o n  of 
mel anophores, upon which t h i s  th e o ry  depends, i s  g iven  i n  
Chapter V.
S evera l  p ap e rs  on s e l e c t i v e  t h e r m o s e n s i t i v i t y  of 
nerve  f i b r e s  show a remarkably  c o n s i s t e n t  r e l a t i o n  to  f i b r e  
d iam e te r .  Bremer and T i t e c a  (193^) found t h a t  th e  l a r g e  
f i b r e  component d isap p ea red  when a mixed nerve was 
u n i fo rm ly  warmed. L a t e r  ( 19^ 6) the  same au th o rs  showed 
t h a t  th e  CX and p  e l e v a t i o n s  of  f ro g  s c i a t i c  nerve 
d isap p ea red  i n  t u r n  a t  about 3 1 ^ 0. l e a v in g  only  the  % 
a c t i v i t y .  Lundberg (1952) showed co nv e rse ly  t h a t  a t  lO^C. 
th e  S e l e v a t i o n  d isap p ea red  from the  a c t i o n  p o t e n t i a l s  of 
th e  saphenous nerve  of th e  c a t ,  l e a v in g  on ly  the  f a s t  
f i b r e  a c t i v i t y .  Lundberg ( 19^ 8 ) had p re v io u s ly  s t a t e d  
t h a t  bo th  h e a t  and cold  b lock  occur about 1 5 ^C. h ig h e r  i n  
mammals t h a n ' i n  n o n - t r o p i c ^  f r o g s  bu t  the '  a c c l i m a t i s a t i  on 
tem p era tu re  of  the  l a t t e r  was im p o r ta n t .  Cold block 
occu rred  a t  -}-5^C. to  - 7 ^C. i n  normal f ro g s  and h ea t  b lock  
a t  about 33^C.
Dodt (1953) a l s o  working on c a t s  confirmed t h a t  
b lo ck in g  te m p e ra tu re s  were r e l a t e d  to  f i b r e  d iam ete r  as 
f o l lo w s : -
56.
F ib re  tyue . /3 . 8 .
Diameter.
/ -------
8—ih-/^' 1 # 9— 1 * 0^ *
Cold Block. b e l w  10-15°  C.
/
below 16-22°C.
Heat Block. above '+5-'+8°C. above 50-52°C.
O sci l log ram s produced by Bremer and T i t e c a  a re  shown i n  
F igu re  5. These au tho rs  s t a t e d  t h a t  h e a t  b lock  was 
p r a c t i c a l l y  in s t a n t a n e o u s  a t  th e  c r i t i c a l  tem pera tu re  and 
was r a p id l y  r e v e r s i b l e ,  depending only  on th e  thermal l e v e l  
and f i b r e  d iam e te r .  I f  any p a i r  of th e s e  f i b r e  groups had 
o p p o s i te  e f f e c t s  on an e f f e c t o r  organ the  system would be a 
p e r f e c t  model of  th e  i n n e r v a te d  response of  minnow 
melanophores.  There appears  to  be no evidence concerning
th e  types  o f  f i b r e  in v o lv ed  i n  chromatic c o n t ro l  b u t  i f  
double i n n e r v a t i o n  e x i s t s  i t  seems l i k e l y  t h a t  each s e t  of  
f i b r e s  has d i f f e r e n t  p h y s io lo g ic a l  ( i . e .  thermal) 
p r o p e r t i e s .  Since e l e c t r i c a l ,  s t i m u l a t i o n  always produces 
p a l in g ,  one might expect  t h a t  th e  ag g reg a t in g  f i b r e s  have 
g r e a t e r  d ia m e te rs  th an  th e ,  a t  p r e s e n t  h y p o th e t i c a l ,  
d i s p e r s i n g  f i b r e s .  This ag ree s  w ith  the  i n t e r p r e t a t i o n  
g iven  above.
The remainder of  t h i s  t h e s i s  a t tem p ts  to  t e s t  t h i s  
t h e o ry  of p e r i p h e r a l  i n t e r f e r e n c e  and i n  p a r t i c u l a r  to  
re-examine th e  n a tu re  of th e  i n n e r v a t i o n  of  mel anophores i n  
the  minnow.
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CHAPTER I I I
TiURTHER EXPERIMENTS ON THE TM'IPERATCRS EFFECT.
a. The High Température  Response.
The h ig h  and low te m p e ra tu r e s  u sed  by v. F r i s c h  were 
3 5 ^C. and 3 -  r e s p e c t i v e l y ,  w hile  as  a c o n t r o l  he
employed w a te r  a t  room te m p e ra tu re  (1^ -  l 6^ C .) .  I n  
s i m i l a r  ex pe r im en ts  Smith exposed th e  flanl^s of  Fundulus 
to  t e m p e ra tu r e s  between 3 1 ^ 8 . and Vc^C. 3 1 ^^» produced 
no e f f e c t  b u t  from 32  -  b-C^C. he o b ta in e d  equal  re sp on ses  
a f t e r  equal  * exposure  tim.es’ . Smith argued  t h a t  t h i s  
a l l - o r - n o n e  re sp on se  i n d i c a t e d  r e f l e x  a c t i v i t y  a l th o u g h  
th e  melanophore i s  o b v io u s ly  no t  an a l l - o r - n o n e  e f f e c t o r .  
Only w a te r  a t  2^C. app ea rs  t o  have been  u s e d  f o r  th e  co ld  
e f f e c t .
The c o n c lu s io n s  reached  i n  Chapter I l f  made i t  of  
i n t e r e s t  to  examine whether  d e f i n i t e  t h r e s h o l d  te m p e ra tu re s  
e x i s t  f o r  th e  i n n e r v a te d  re sp o n se s  o f  th e  minnow. The 
a p p a ra tu s  deve loped  f o r  t h i s  pu rpose  i s  shown i n  T igure  6 . 
Water from a c o n s t a n t  p r e s s u r e  r e s e r v o i r  was fe d  s t r a i g h t  
to  a j e t  and th ro ug h  a h e a t in g  j a c k e t  made from a double 
j a c k e t  chemical condenser .  The two f lows were remixed i n  
p r o p o r t i o n s  c o n t r o l l e d  by th e  d i f f e r e n t i a l  tap  (shown i n  
d e t a i l  i n  F ig u re  7 a ) , t o  p ro v id e  any d e s i r e d  h igh  
te m p e ra tu re .  By t h i s  means th e  t o t a l  f low  remained
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c o n s t a n t  and thenna], i n e r t i a  was ex t rem e ly  low. The 
te m p e ra tu re  o f  th e  j e t  was measured by a t h e r m o e l e c t r i c  
thermometer  (Appendix I ) .  P o ly v in y l  c h l o r i d e  tu b in g  was 
u s e d  f o r  i t s  good h e a t  i n s u l a t i n g  p r o p e r t i e s  and i t s  
t r a n s p a r e n c y  which g r e a t l y  a s s i s t e d  i n  d e t e c t i n g  and 
e l i m in a t in g  a i r - l o c k s .  The th e rm o s ta t  b a th  (Appendix I I )  
was run  a t  a h i g h e r  te m p e ra tu re  th a n  r e q u i r e d  i n  th e  j e t  
(Lc _ ) i n  o rd e r  to  compensate f o r  l o s s e s .  The
r e s u l t  was a j e t  o f  w a te r  whose tem p e ra tu re  could  be 
v a r i e d  a t  any r e q u i r e d  r a t e  between room te m p e ra tu re  and 
3 8 ^0 . o r  SO) to  v a t h i n  an accu racy  of  O.l^C. w i th o u t  any 
change i n  th e  m echan ica l  s t im u lu s .
P re v io u s  expe r im en ts  had depended on th e  *good\n.ll* o f  
th e  f i s h  to  rem ain  s t i l l  on i t s  su p po r t ,  b u t  t e s t s  showed 
t h a t  u r e th a n e  a n a e s t h e s i a ,  w hether  shal low  o r  v e ry  deep, 
d id  n o t  su p p re s s  th e  t e m p e ra tu re  re sp o n se s .  The d i r e c t  
r e a c t i o n s  of th e  mel anophores  to  u r e th a n e  a r e  d i s c u s s e d  i n  
d e t a i l  below. The u s u a l  p r e o p e r a t i v e  p ro ced u re  was 
fo llov/ed;  th e  f i s h  were p la c e d  i n  a d i s h  of  0 . u r e th a n e  
s o l u t i o n  u n t i l  comatose and were th e n  su p p l ie d  o r a l l y  w i th
0 . 25^  s o l u t i o n  to  which t a p - w a t e r  could  be added i f  
a n a e s t h e s i a  became to o  deep. The f i s h  l a y  on t h e i r  s i d e s  
on a d i s h  of  wax, i n s t e a d  o f  on v .F r isch *  s p l a s t i c i n e  
su p p o r t ,  w i th  th e  u r e th a n e  tu be  p la c e d  l i g h t l y  i n  t h e i r  
mouths. A second tube  d r a in e d  a l l  waste  f l u i d s  to  a s in k .  
With th e  f i s h  th u s  u n d e r  c o n t r o l ,  m ic ro s c o p ic a l  exam inat ion
62 ,
of the  mel anophores became p o s s i b l e .  The wax d i s h  was 
supported  so t h a t  an o rd in a r y  m icroscope ,  w i th  the  s tag e  
and subs tage  removed, could be b r a i g h t  to  focus  on th e  
s k i n  and moved in d e p e n d e n t ly .  The j e t  was supported  
s e p a r a t e l y  by ho ld ing  th e  h e a t in g  j a c k e t  i n  a r e t o r t  s tand  
and th e  g l a s s  s l i p s  u sed  by v . F r i s c h  were d isp en sed  m t h .  
This  became th e  s tan d a rd  te ch n iq u e  f o r  a l l  l a t e r  
exper im ents .
I n  the  f i r s t  experiment s ix  f i s h  were u sed  i n  tu rn .  
The j e t  te m p e ra tu re  was r a i s e d  by s te p s  of  one o r  two 
d eg rees  C en t ig rade .  I n  a l l  c a se s  th e  e n t i r e  response  
was e l i c i t e d  over a v e ry  narroiv tem p era tu re  range whose 
v a lu e  was somewhat low er  th a n  expected .  The s i x  v a lu e s  
w ere ; -  26 -  2 8 °C . , 26 -  2 8 °C . , 2? -  27°C ., 24 -  2 6 °C . ,
31 -  3 3 °C . , and 29 -  3 ?°CI. These f i g u r e s  bo re  no obvicus 
r e l a t i o n  t o  th e  o r i g i n a l  s t a t e s  of ' th e  mel anophores,  which 
v a r i e d  w ide ly .  S evera l  i n t e r e s t i n g  f e a t u r e s  of th e  
response  were no ted  a t  t h i s  t ime.
( i )  Although th e  tem p era tu re  range f o r  p roduc ing  complete 
r e v e r s i b l e  melanophore d i s p e r s i o n  was sm all ,  the  change 
re q u i r e d  to  produce th e  f u l l  re sponse  i n  a s in g l e  
melanophore o r  group of mel anophores was even sm a l le r ,  
o f t e n  be ing  l e s s  th a n  l^C.
( i i )  The ef fec t ive*  tem p e ra tu re  v a r i e d  from day to  day f o r  
th e  same r e g io n  o f  th e  same i n d i v i d u a l .  The f i s h  whose 
re sponse  o ccu r red  a t  3I  -  3 3 *^ .^ above showed complete
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darken ing  a t  25 -  27^C. when r e t e s t e d  2 k  hours  l a t e r .  
S im i l a r  v a r i a t i o n s  were o f t e n  found i n  l a t e r  experim ents  
b u t  r a r e l y  du r in g  a s in g le  experim ent.
( i i i )  The t h r e s h o l d  te m p e ra tu re s  f o r  d i f f e r e n t  ty p es  of 
melanophore were o f te n  d i f f e r e n t .  At l e a s t  f o u r  groups 
o f  mel anophores could be d i s t i n g u i s h e d  by t h e i r  re spo nses ;
1 . l a r g e  melanophores  forming th e  l a t e r a l  s t r i p e  and a 
p a tc h  a t  th e  base  of th e  t a i l  f i n ;
2 . l a r g e  mel anophores forming th e  p a t t e r n  on the  back of  
th e  f i  sh;
3 . small m elanophores  on th e  back;
k. small mel anophores forming a p a tc h  on th e  t a i l  j u s t  
d o r s a l  t o  t h a t  of group 1 .
The s i m i l a r i t y  to  th e  p h y s i o l o g ic a l  groups d e s c r ib e d  by 
Healey  (1951) i s  marked (F ig u re  8 ) .  As th e  tem p era tu re  
was slowly r a i s e d  d i s p e r s i o n  o ccu rred  f o r  each group i n  
th e  o rd e r  l i s t e d  and on lo w er in g  the  tem p era tu re  recovery
occu rred  i n  th e  r e v e r s e  o rd e r .  Small melanophores of
th e  f i n s  and v e n t r a l  body s u r f a c e  always appeared  to  be 
th e rm a l ly  i n e r t .  Thus w hi le  th e  change of  tem pera tu re  
r e q u i r e d  f o r  a re sponse  by each grou.p was sm all ,  f u l l  
darken ing  of  th e  f i s h  o f t e n  needed a w ider  range. One 
f i s h  w ith  a v e ry  g radua l  o v e r a l l  response  gave the  
f o l l o m n g  f i g u r e s : -
Group 1 : 26 -  28^0.
Group 2 ; 29 -  31° C.
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Group 3 : 32  -  35"°C.
Group h  : no re sponse  a t  35^C.
As f o r  the  ex pe r im en ts  d e s c r ib e d  i n  Chapter I I ,  a l l  th e s e  
e f f e c t s  were seen  w i th o u t  e x c e p t io n  i n  a l a r g e  number of 
f i s h  du r ing  l a t e r  expe r im en ts .  I n  some ca se s  th e  
t h r e s h o l d  t e m p e ra tu r e s  were c lo s e  t o g e t h e r ,  i n  o th e r s  
d i s t i n c t l y  s e p a r a te d  and a c t u a l  v a lu e s  v a r i e d  from day to  
day. The t h r e s h o l d  was o c c a s i o n a l l y  as low as 20^C. and 
v e r y  r a r e l y  over  35^^. Tem peratures  h ig h e r  th a n  35°C. 
o f t e n  produced i r r e v e r s i b l e  r e sp o n se s  a t t r i b u t e d  to  damage 
and th e  f i s h  so t r e a t e d  were u su.a l l y  k i l l e d .
By th e  above te ch n iq u e  photography  of  th e  re spo nses  
became p o s s i b l e .  A t y p i c a l  s e r i e s  of p i c t u r e s  i s  g iven  
i n  F ig u re  9 ( t e c h n i c a l  d e t a i l s  o f  th e  p h o to g ra p h ic  method 
a r e  g iv en  i n  Appendix I I I ) .  During the  p r e p a r a t i o n  of 
t h e s e  ph o to g raph s  a f e a t u r e  of th e  re sponse  to  u re th a n e  
was n o t i c e d .  F i sh  a n a e s t h e t i s e d  i n  u r e th a n e  i n v a r i a b l y  
darkened  i n i t i a l l y  b u t  p ic tu . r e s  o f  an experim ent  s t a r t i n g  
and ending a t  room te m p e ra tu re  showed g r e a t e r  melanophore 
a g g r e g a t io n  i n  th e  l a t e r  pho tograph .  I t  appeared  t h a t  t h e  
te m p e ra tu re  re sp o n s e s  were no t  p e r f e c t l y  r e v e r s i b l e  b u t  
e x h i b i t e d  some h y s t e r e s i s .  That t h i s  was not  so was 
dem o ns tra ted  by r e v e r s i n g  th e  o rd e r  i n  which th e  extreme 
te m p e ra tu re s  were p r e s e n te d .  F u r th e r  o b s e rv a t io n  and 
p i c t u r e s  o f  s i x  f i s h ,  t a k e n  w i th o u t  therm al s t im u la t io n ,  
showed t h a t  th e  f i s h  darkened  a t  f i r s t  u n d e r  u r e th a n e  and
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th e n  s low ly  p a le d  f o r  30  -  4-5 m inu tes .  The f i s h  u sed  f o r  
th e  pho tog raphs  of F igu re  9 was k e p t  u n d e r  a n a e s t h e t i c  f o r  
45  m inu tes  b e f o re  the  experim ent  was begun b u t  comparison 
o f  th e  f i r s t  and l a s t  p i c t u r e s  shows a s l i g h t  f u r t h e r  
a g g re g a t io n .  This  e f f e c t  i s  t h e r e f o r e  no t  r e l a t e d  t o  
th e  te m p e ra tu re  re sp o n se s  which may be assumed to  be 
co m p le te ly  r e v e r s i b l e .
b. Changes of T h re sh o ld .
The change of  t h r e s h o l d  f o r  th e  same f i s h  from day to  
day can be e x p la in e d  by th e  p r e s e n t  th e o ry  ivith one f u r t h e r  
prem ise ;  t h a t  a l l  th e  f i b r e s  o f  one group beccme b locked  
i n  t u r n  over  a f a i r l y  wide range of  t e m p e ra tu re s  w i th  th e  
m a j o r i t y  b e in g  i n a c t i v a t e d  a t  seme i n t e r m e d i a t e  v a lu e .
The range o f  e f f e c t i v e  tem pera tu .res  f o r  each group may th e n  
o v e r la p ;  say a g g re g a t in g  f i b r e s  a re  b locked  i n  t u r n  from 
25  -  35^0. b u t  m o s t ly  around 3 0 ^C . , w h i l s t  d i s p e r s i n g  f i b r e s  
a r e  on ly  a f f e c te d -  by t e m p e ra tu re s  above 3G^C. and th e  
m a j o r i t y  remain  a c t i v e  to  about  35^^* Since on ly  the  
b lo c k in g  of a c t i v e  f i b r e s  i s  e f f e c t i v e ,  th e  l e v e l s  of 
a c t i v i t y  i n  th e  two groups would a f f e c t  th e  tem p era tu re  
a t  which th e  melanophore becomes un ba lanced .  I n  the  
a n a e s t h e t i s e d  f i s h  t h e r e  i s  no c o n t r o l  over  th e  l e v e l  of 
nervous  a c t i v i t y  which m ight v a ry  from one experiment to  
th e  n e x t .  I t  would t h e r e f o r e  be of g r e a t  i n t e r e s t  t o
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examine th e  t h r e s h o l d  te m p e ra tu re s  of  f i s h  responding  
norm ally  to  backgrounds of v a r io u s  shades.
I n  a p r e l i m i n a r y  experim ent  two f i s h  were k e p t  on a 
b la c k ,  and two on a w hite  background f o r  f o u r t e e n  days.
Each was a n a e s t h e t i s e d  i n  t u r n  on a background of  th e  same 
co lo u r  and t e s t e d  f o r  h igh  tem p e ra tu re  r e sp o n se s .  No 
obvious  d i f f e r e n c e s  could  be d i s t i n g u i s h e d  between the  
t h r e s h o l d s  of  th e  two p a i r s  and s in ce  i t  was con s id e red  
t h a t  a n a e s t h e s i a  could  u p s e t  th e  t o n i c  b a la n c e  ( i f  i t  
e x i s t s )  no expe r im en ts  were a t tem p ted  on s t a t i s t i c a l l y  
s i g n i f i c a n t  numbers of  f i s h .  This  experim ent  a l s o  
i n d i c a t e d  t h a t  th e  l e v e l  o f  melanophore a g g re g a t in g  
hormone i n  th e  b lood  d id  no t  no rm ally  a f f e c t  th e  t h r e s h o l d .  
T h is  q u e s t i o n  was re -exam ined l a t e r .
M ic ro sco p ic  s t u d i e s  of th e  melanophore re sp o n ses  to  
background c o lo u r  may be made w i th  th e  Constan t  O bse rv a t io n  
Tanlc a p p a ra tu s  d es igned  by Healey  and f u r t h e r  developed by 
Gray (1955a, 1956b) . A minnow, t r a i n e d  by p re v io u s  
confinement to  su p p re ss  locom otory  a c t i v i t i e s ,  s i t s  i n  th e  
c o rn e r  o f  an aquarium w ith  i t s  t a i l  p r o j e c t i n g  i n t o  a 
p e r sp e x  o b s e r v a t io n  c e l l ,  w h i le  an in g e n io u s  arrangement of  
s l i d e s  a l low s  b la c k  o r  w h i te  backgrounds to  be p re s e n te d  
to  th e  f i s h .  A g r e a t  d ea l  o f  t ime was sp en t  i n  a t te m p t in g  
to  c o n t r o l  th e  tem p e ra tu re  w i t h i n  the  o b s e r v a t io n  c e l l  
in d e p e n d e n t ly  o f  t h a t  i n  th e  main body o f  the  tan k .  The 
f i n a l  method was to  p lug  th e  e n t ra n c e  of  the  c e l l  around
6 9 .
t h e  body of  th e  f i s h  l i g h t l y  m t h  c o t to n  wool and to  warm 
th e  c e l l  by a m i n ia tu r e  immersion  h e a t e r  m anufac tu red  from 
an e l e c t r i c  g a s - l i g h t e r  e lem ent .  This  h e a t e r  was so 
p la c e d  i n  a channel b en ea th  th e  c e l l  t h a t  co n v e c t io n  
c u r r e n t s  warmed th e  whole c e l l  even ly  and smooth c o n t ro l  
o f  tem p e ra tu re  was o b ta in e d  by a r h e o s t a t .  VJhile 
t e c h n i c a l l y  p o s s i b l e  th e  te ch n iq u e  f a i l e d  on b i o l o g i c a l  
grounds.  Such r e s t r a i n t  upon a norm ally  a c t i v e  f i s h  i s  
endured w el l  a f t e r  a s h o r t  p e r io d  o f  t r a i n i n g  by 
r e s t r i c t i o n  i n  a tube ,  a l th o u g h  th e  method in t r o d u c e s  
c e r t a i n  c o m p l ic a t io n s  (Gray, 1956a) ,  and th e  f i s h  showed 
no o b j e c t i o n  t o  th e  c o t t o n  wool p lu g g in g .  But i n  n e a r l y  
eve ry  case  a s l i g h t  r i s e  i n  tem p era tu re  m t h i n  th e  c e l l  
evoked v i o l e n t  s t r u g g l i n g  movements and th e  c o t to n  p lug  
was r e l e a s e d .  F o l lo m n g  th e  work of  Bubin (193?) and 
th e  exper im en ts  o f  Chapter I l d ,  th e  l a t e r a l  l i n e  and 
l a t e r a l  cu taneous  n e rves  were cu t  on b o th  s id e s  i n  f o u r  
f i s h .  Sensory  pathways appeared  no t  to  be i n t e r r u p t e d  
s in c e  th e s e  f i s h  behaved j u s t  as  b a d ly  as  th e  o th e r s .
Only a v e ry  few f i s h  l a y  q u i e t  lo ng  enough f o r  h igh  
tem p e ra tu re  d i s p e r s i o n  to  o ccu r  a t  a l l  and c o n t r o l l e d  
measurements proved  to  be im p o s s ib le .  Many a t te m p ts  were 
made to  improve th e  te c h n iq u e  i n  view of  i t s  obvious 
advan tages  and p o t e n t i a l i t i e s  b u t  th e  p r o j e c t  had f i n a l l y
to  be abandoned.
Another a t te m p t  t o  s h i f t  th e  t h r e s h o l d  t e m p e ra tu re s
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was made by i n j e c t i n g  e x t r a c t s  of  minnow p i t u i t a r y  i n t o  
th e  ex p e r im en ta l  an im als .  Such e x t r a c t s  have a s t ro n g  
p a l i n g  i n f l u e n c e  due to  th e  p re se n c e  of  melanophore 
a g g re g a t in g  hormone. P i t u i t a r y  g lands  d i s s e c t e d  from 
f r e s h l y  d e c a p i t a t e d  minnow were ground up v a th  a m in ia tu r e  
p e s t l e  and m o r ta r  i n  a small q u a n t i t y  o f  d i s t i l l e d  w ate r .  
The whole m ix tu r e ,  u s u a l l y  about 0 .1  ml. i n  volume, was 
i n j e c t e d  i  n t  r a p e r i  tone  a l l y .  The e f f e c t  of s i m i l a r  
i n j e c t i o n s  i n t o  an a c t i v e  f i s h  on a b la c k  ground i s  shown 
i n  the  cu rves  of F igu re  10 ( a f t e r  Kent,  u n p u b l i s h e d ) .
The v e r t i c a l  s c a le  r e p r e s e n t s  th e  s t a t e  o f  th e  melanophores 
on an a r b i t r a r y  s c a le  from 1 . 0  ( f u l l y  aggrega ted)  to  5 # 0 
( f u l l y  d i s p e r s e d ) ;  Eogben and Slone (1931) ? Healey (1951).  
The dose o f  25ymgm. of  p l a i c e  p i t u i t a r y  i s  app rox im ate ly  
e q u iv a l e n t  to  t h a t  o f  one minnow p i t u i t a r y  ( a  whole p l a i c e  
p i t u i t a r y  weighs about 5 0 0 ymgm.). 5 ju^ gm. p roduces  a 
re sp o n se  of  equal  magnitude i n  a s p i n a l - s e c t i o n e d  f i s h  and 
re c o v e ry  taJces much lo n g e r ,  so t h a t  th e  nervous  system 
ap p ea rs  to  e x e r t  ,a s t ro n g  r e s t o r i n g  i n f l u e n c e  i n  th e  normal 
f i s h  ( s e e  Chapter  Vb) .
A minnow was a n a e s t h e t i s e d ,  th e  tem p era tu re  t h r e s h o l d s  
f o r  each type  o f  melanophore c a r e f u l l y  measured and one 
minnow p i t u i t a r y  i n  0 .05  ml. o f  w a te r  was i n j e c t e d .  The 
t h r e s h o l d  was red e te rm in ed  u n d e r  m a in ta in e d  a n a e s t h e s i a  
a f t e r  30 m in u te s  and 6o m in u te s .  Although c o n s id e r a b le  
p a l i n g  o c c u r re d  a t  noimal te m p e ra tu re s  th e  mel anophores
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d i s p e r s e d  t h e i r  pigment a t  e x a c t l y  the  same e le v a te d  
te m p e ra tu re s  as  b e fo re  i n j e c t i o n .  Another f i s h  was 
r e t e s t e d  a f t e r  3G, 6C and l8 0  m inu te s ;  a g a in  t h e r e  was 
no change i n  re sponse  excep t  f o r  one group of  m elanophores 
whose t h r e s h o l d  ro se  on ly  a t  l 8 0  m in u te s .  S ince most of  
th e  e f f e c t  of  i n j e c t i o n  had by th e n  worn o f f  and a n a e s t h e s i a  
had became d i f f i c u l t  to  c o n t r o l ,  t h i s  r i s e  cannot be 
reg a rd ed  as  s i g n i f i c a n t .  I n  t h e s e  ca ses  nervous 
dominance was m a in ta in e d  th ro u g h o u t  s in ce  complete 
a g g r e g a t io n  d id  not  occur .  A f u r t h e r  i n j e c t i o n  of 
o v e r r i d in g  s t r e n g t h  was t h e r e f o r e  t r i e d  i n  a t h i r d  f i s h .  
A f t e r  m easur ing  th e  t h r e s h o l d s  as  b e f o re  a whole p l a i c e  
p i t u i t a r y  i n  0 .1  ml. of a c e t i c  a c id  was i n j e c t e d
and th e  f i s h  was r e t e s t e d  a f t e r  3 ^, 6o, 120, l 8 0  and 
2^0 m inu te s .  Tliis does,  th e  more e f f e c t i v e  f o r  be ing  
e x t r a c t e d  i n  a c id  s o l u t i o n ,  i s  s u f f i c i e n t  to  cause complete 
melanophore a g g r e g a t io n  f o r  a c o n s id e r a b le  p e r io d  even f o r  
a consc ious  f i s h  on a b la c k  background. For th e  f i s h  
u n d e r  continuous^ a n a e s t h e s i a  complete a g g r e g a t io n  
p e r s i s t e d  even a f t e r  f o u r  hours  a t  roan te m p e ra tu re .
A f t e r  30  m in u te s  a l l  mel anophores  were f u l l y  ag g rega ted  
b u t  some melanophores  d i s p e r s e d  p a r t l y  a t  t e m p e ra tu re s  
s e v e r a l  d eg rees  above t h e i r  fo rm er  t h r e s h o l d .  A f t e r  one 
hour  on ly  v e ry  s l i g h t  re sp o n se s  could  be o b ta in e d  a t  3^^G. 
and a f t e r  two hours  re sp o n se s  were s c a r c e l y  p e r c e p t i b l e  
a t  t h i s  t e m p e ra tu r e .  At t h r e e  hours  d i s p e r s i o n  ag a in
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o cc u r red  a t  3 5 ^ 0 . and a t  f o u r  hours  the  t h r e s h o l d  was 
b a r e l y  h ig h e r  t h a n  o r i g i n a l l y .  Thus an ex t rem e ly  l a r g e  
amount o f  p i t u i t a r 3^  hormone i s  r e q u i r e d  to  r a i s e  th e  
t h r e s h o l d  t e m p e ra tu re s .  S ince p ro longed  exposure of a 
normal f i s h  to  a w hite  background does no t  a f f e c t  the  
t im e course  o f  darken ing  when t r a n s f e r r e d  to  a b lack  
background, th e  l e v e l  of hormone i n  th e  b lood  of normal 
f i s h  can n ev e r  approach even t h a t  due to  th e  f i r s t  doses 
u sed .  I t  must t h e r e f o r e  be assumed t h a t  tem poral  changes 
i n  te m p e ra tu re  t h r e s h o l d  a r e  no t  r e l a t e d  to  v a ry in g  l e v e l s  
o f  p i t u i t a r y  hormone.
c. Local  H ea t ing  o f  th e  Autonomic Chain.
I f  th e  tem p e ra tu re  e f f e c t  i s  due to  d i f f e r e n t i a l  
ne rve  b lock  i n  t h e  sk in ,  a s i m i l a r  e f f e c t  may be produced 
by h e a t in g  o r  co o l in g  th e  m otor  n e rves  a t  a more c e n t r a l  
l e v e l .  The sym pathe t ic  c h a in  was chosen f o r  t e s t i n g  as 
i t  i s  small  and re a so n a b ly  a c c e s s i b l e  m t h o u t  much 
v a s c u l a r  d i s t u r b a n c e .  The a p p a ra tu s  o f  F igu re  6 was 
f i l l e d  m t h  R inger  s o l u t i o n  and f i t t e d  w i th  a f i n e r  j e t ,  
b e n t  a t  r i g h t  a n g le s  n e a r  t h e  t i p .  The new j e t  l i m i t e d  
t h e  t o t a l  f low  so t h a t  the  d i f f e r e n t i a l  t a p s  produced 
u n s t a b l e  m ix tu r e s .  A s m a l l e r  p a i r  of t a p s  w i th  a l a r g e  
c o n t r o l  d i s c  was t h e r e f o r e  made as  shown i n  F ig u re  7b. 
These e^cper i m e n t s a l s o  l e d  t o  th e  a d o p t io n  of Yeung^ s
7^-
F resh w a te r  T e le o s t  Ringer s o l u t i o n  i n s t e a d  of  t h a t  of 
S te in h au sen ,  as  d e s c r ib e d  i n  Appendix IV.
The f i s h  was a n a e s t h e t i s e d  and l a i d  i n  th e  wax d i s h  
w i th  a tube  supp ly ing  a n a e s t h e t i c  o r a l l y  as  b e f o re .  A 
h o r i z o n t a l  i n c i s i o n  about -  1 cm. long  was made mid- 
l a t e r a l l y  i n  th e  body w all  t o  expose th e  swim-bladder 
which was p a r t i a l l y  c o l l a p s e d  by p u n c tu r in g .  The f i n e  
j e t  could  th e n  be p la c e d  so t h a t  i t  p la y e d  upon th e  t h i n  
r e n a l  t i s s u e  cove r ing  th e  sym pathe t ic  c h a in .  I f  p la c e d  
p o s t e r i o r l y  i n  th e  body c a v i t y  even th e  r e n a l  t i s s u e  was 
p r e s e n t  i n  n e g l i g i b l e  p r o p o r t i o n s .  The d o r s a l  m e s e n te r ie s  
were no t  removed. F lu id  from th e  j e t  f i l l e d  th e  c a v i t y  
and overf low ed a t  th e  i n c i s i o n .  A new d i s h  w i th  a c e n t r a l  
d r a i n  was c o n s t r u c t e d  so t h a t  t h e s e  f l u i d s  would no t  make 
t h e i r  way to  th e  r e g io n s  u n d e r  o b s e rv a t io n .  I n  o rd e r  
f u r t h e r  to  p r e v e n t  te m p era tu re  changes i n  th e  a r e a  of  th e  
s k in  observed ,  a j e t  of  w a te r  a t  roan tem p era tu re  was k e p t  
f l o m n g  over i t .  This  a l s o  d ra in e d  to  th e  c e n t r e  o f  th e  
d i s h  and p r e v e n te d  backflow  of  warm l i n g e r ,  w hi le  u r e th a n e  
s o l u t i o n  from th e  g i l l s  p r e v e n te d  i t  from f l o m n g  fo rw ards .  
Temperature  changes i n  th e  s k in  o f  th e  f i s h  were 
m on i to red  by a second therm ocouple  i n  a hypodermic n eed le  
( s e e  4pp©3idix I ) ,  whose t i p  was p la c e d  subcu taneous ly .
The exper im ent  was perform ed s u c c e s s f u l l y  on t e n  
f i s h  i n  s l i g h t l y  d i f f e r e n t  ways. Only one f i s h  showed 
no re sponse  w h i le  t h r e e  showed on ly  we ale o r  l o c a l  responses .
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The o t h e r  s i x  produced d i s p e r s i o n  a t  h igh  te m p e ra tu re s  as 
i f  th e  j e t  had been a p p l i e d  t o  th e  s k in  i t s e l f .  The 
r e s u l t s  were as  fo l lo w s :  -
1 and 2 . The j e t  was p la c e d  p o s t e r i o r l y  i n  th e  body 
c a v i t y  a f t e r  c o l l a p s i n g  th e  p o s t e r i o r  p a r t  of the  swim- 
b la d d e r .  Normal re sp o n se s  were found i n  th e  t a i l  w i th  
t h r e s h o l d s  a t  26 -  2 8 i n  each ca se .
3 and h .  The j e t  was p la c e d  a n t e r i o r  to  v e r t e b r a  15 a f t e r
c o l l a p s i n g  th e  a n t e r i o r  p a r t  o f  th e  sm m -b la d d e r .  One
f i s h  showed r a t h e r  weak and p a tc h y  d i s p e r s i o n  over th e  
whole body b u t  th e  o t h e r  gave no response  a t  a l l .
5 and 6 . S ince  th e  sym pa th e t ic  c h a in  i s  c l o s e l y  a p p l i e d  
to  th e  a o r t a ,  t h e s e  re sp o n se s  might be due to  th e  h e a t in g  
o f  a r t e r i a l  b lood  p a s s in g  to  th e  t i s s u e s .  To check t l i i s  
th e  f i r s t  experim ent  was rep-eated a f t e r  a second i n c i s i o n  
had been made more a n t e r i  o r ly  to  expose th e  dorsaJ_ a o r t a .  
T h re sh o ld s  were found to  be 26 -  3 G^C. and 3^-3^^^- i n  th e  
two f i s h .  T h e i r  d o r s a l  a o r t a e  were t h e n  com ple te ly  cu t  
by a k n i f e  ja b  th rough  th e  a n t e r i o r  i n c i s i o n s .
Melanophore re sp o n se s  co n t in u ed  a t  th e  same t h r e s h o l d  
te m p e ra tu re s  i n  each case  u n t i l  r e s p i r a t o r y  movements 
ceased .  A o r t i c  r u p tu re  was l a t e r  checked by d i s s e c t i o n .
7 to  10. I n  o r d e r  to  reduce th e  i n i t i a l  l o s s  of  b lood
due to  a double i n c i s i o n  i n  t h e  body wall  i t  was decided 
t o  cu t  th e  v e n t r a l  a o r t a  by a k n i f e  jab  between th e  h e a r t  
and th e  g i l l s .  The b lood  r e l e a s e d  flowed away and
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could  not  p o s s i b l y  be in v o lv e d  i n  th e  t r a n s f e r  of h e a t .
Also t h i s  p ro c ed u re  does no t  in v o lv e  damage to  th e  
autonomic c h a in .  The rem ain ing  f o u r  f i s h  were s e t  up 
w i th  th e  R inger  j e t  a n t e r i o r  to  th e  l 5 t h  v e r t e b r a .  A ll  
showed re sp o n se s  a n t e r i o r l y  a l th o u g h  one case  was r a t h e r  
we all and a n o th e r  p a tch y .  I n  a l l  a t  l e a s t  one r e v e r s i b l e  
re sp on se  was observed a f t e r  opening the  v e n t r a l  a o r t a .
Thus th e  normal re sp o n se s  observed  i n  t h e s e  exper im ents  
cannot  be a t t r i b u t e d  to  th e  c i r c u l a t i o n  of  h e a te d  b lood.
A f u r t h e r  f a c t o r  c o n s id e r e d  was t h a t  o f  d i r e c t  h e a t  
c o n d u c t io n  th ro ug h  th e  o t h e r  t i s s u .e s .  The speed of  
melanophore r e a c t i o n ,  even w i th o u t  b lood  c i r c u l a t i o n ,  once 
th e  t h r e s h o l d  te m p e ra tu re  was reached ,  and th e  f a c t  t h a t  
t h e  t h r e s h o l d  te m p e ra tu re  was in d ep en d en t  o f  th e  r a t e  of  
warming, seemed to  p re c lu d e  t h i s .  Also th e  s t r i c t l y  
l o c a l i s e d  n a t u r e  o f  th e  re sponse  when th e  s k in  of an i n t a c t  
f i s h  i s  h e a te d  su g g e s t s  t h a t  l i t t l e  h e a t  con d uc t io n  o ccu rs .  
MacLeod, S e l f  and T ay lo r  (1921) found t h a t  l o c a l  h e a t in g  
o f  th e  shaven abdomen of th e  r a b b i t  by t e m p e ra tu re s  
g r e a t e r  th a n  1 5 ^ C. above th e  body te m p e ra tu re  produced 
h e a t  sp read  f o r  5 - 7  cm. i n t o  th e  v i s c e r a  b u t  on ly  2 cm. 
l a t e r a l l y .  Even " r e l a t i v e l y  v a s c u l a r  t i s s u e s "  were 
p e n e t r a t e d  b u t  two hours  a p p l i c a t i o n  were n e c e s s a ry  to  
o b t a i n  a r i s e  of 2^C. a t  such a d i s t a n c e .
I n  th e  p r e s e n t  expe r im en ts  th e  f low  o f  room- 
temper a t u r e  w a te r  over th e  a r e a  observed  should  reduce th e
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r i s k  of h e a t  sp read  b u t  m o n i to r in g  \ r i t h  t h e  second thermo­
couple does no t  p ro v id e  a su.re  gu ide .  The therm al  
c o n d u c t i v i t y  of  s t e e l  i s  presum ably  much g r e a t e r  th a n  t h a t  
o f  muscle so t h a t  th e  b im e ta l  j u n c t i o n  might be cooled  
much more e f f e c t i v e l y  by th e  cool j e t  th a n  th e  t i s s u e s  
th em se lv es .  Experiments  on t h r e e  f i s h  w i th  i n t a c t  
c i r c u l a t i o n  b u t  no coo l in g  w a te r  showed t h a t  t i s s u e  
te m p e ra tu re  can in d eed  r i s e  u n d e r  th e  c o n d i t i o n s  of th e s e  
expe r im en ts .  The on ly  way to  e l im in a t e  t h e s e  d i f f i c u l t i e s  
u n e q u iv o c a l ly  appeared  to  be by r e p e t i t i o n  on a much 
l a r g e r  f i s h ,  where o b s e r v a t io n s  could  be made a t  a 
c o n s id e r a b ly  d i s t a n c e  from th e  warm j e t .  Experiments  
were t h e r e f o r e  co n t inu ed  a t  Plymouth on th e  p l a i c e  
( P l e u r o n e c te s  p l a t e s s a  L . ) .
This s p e c ie s ,  as  d e s c r ib e d  i n  Chapter IV, shows 
melanophore re sp o n se s  to  te m p e ra tu re  which a re  s i m i l a r  to  
th o se  of th e  minnow. L i t t l e  i s  knoif/n o f  th e  chrom atic  
pathways i n  t h i s  sp e c ie s  b u t  th e y  a re  p ro b a b ly  s i m i l a r  
t o  th o s e  of  th e  minnow. Hewer ( 1926 ) s t a t e s  t h a t  i n  
Limanda l im anda  ( L . ) ,  th e  dab, chrom atic  f i b r e s  p a s s  from 
th e  s p in a l  cord  to  the  sym pa the t ic  c h a in  a t  t h e  l e v e l  of 
t h e  s i x t h  v e r t e b r a .
Due to  l a t e r a l  com press ion  th e  r e n a l  t i s s u e  over-  
l y i n g  th e  sym pa the t ic  c h a in  i s  much t h i c k e r  th a n  i n  th e  
minnow and d i s s e c t i o n  showed t h a t  i t  c o n t in u e s  around th e  
p o s t e r i o r  w all  o f  th e  body c a v i ty .  A ttem pts  t o  reach  th e
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sym pathe t ic  c h a in  of p l a c e  a n a e s t h e t i s e d  i n  MS222  produced 
so much l o s s  o f  b lood  t h a t  d e a th  soon fo l lo w ed .  I n j e c t i o n  
o f  d e s o x y c o r t i c o s te ro n e  as  a shock p r e v e n t a t i v e  he lped  v e ry  
l i t t l e .  Measurements on a cadaver  of th e  therm al  
c o n d u c t i v i t y  o f  th e  w a l l s  o f  th e  haemal cana l  showed t h a t  
i t  would no t  be p o s s i b l e  to  h e a t  th e  sym pathe t ic  ch a in  
more p o s t e r i o r l y .  F i n a l l y  th e  experiment was performed 
on th e  s p in a l  n e rv e s  j u s t  p e r i p h e r a l  to  th e  p o i n t  where 
th e y  r e c e iv e  th e  rami communicantes.
Three l a r g e  p l a i c e  were u se d  u n d e r  a n a e s t h e t i c  and 
i n  each f i s h  t h r e e  a d ja c e n t  s p in a l  ne rves  were exposed 
f o r  a d i s t a n c e  o f  1 -  2 cm. on th e  u p p e r  ( r i g h t )  s id e ,  
j u s t  v e n t r a l  t o  th e  haemal cana l  and about h a l f  way along 
th e  body. Three ne rv es  were ta l ien  as a minimum s in c e  th e  
a r e a s  served  p ro b a b ly  o v e r la p .  No melanophore r e a c t i o n s  
were e l i c i t e d  by exposing th e  n e rv es ,  no r  when they  were 
warmed to  3 5 ^C. o r  cooled  m t h  c a r e f u l l y  c rushed  f r o z e n  
R inger  s o l u t i o n .  At th e  end of  each experim ent  th e  
n e rv e s  were sev e red  and th e  ensu ing  dark band ( f i r s t  
observed  by P cu ch e t ,  I 876 ) was ta l ien  to  i n d i c a t e  t h a t  th e  
chrom atic  f i b r e s  were s t i l l  p h y s i o l o g i c a l l y  a c t i v e .  This  
assum ption  i s  v a l i d  by a l l  t h e o r i e s  of  th e  band fo rm a t io n .
A s i m i l a r  exper im en t  on a s i n g l e  f l o u n d e r  (P I a t i c h t h y s  
f l e s u s  (L . ) )  i n  which f o u r  c o n s e c u t iv e  s p in a l  ne rv es  were 
exposed, p roduced  on ly  v e ry  weali r e sp o n se s .  F u r th e r  
exp e r im en ts  had to  be a.bandoned f o r  l a c k  o f  m a t e r i a l  due
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t o  g a le s  a t  t h a t  t im e .
d. The C o r r e l a t i o n  m t h  R e s p i r a to ry  Movements.
The above exper im en ts  on th e  sym pathe t ic  cha in ,  
a l th o u g h  not  c o n c lu s iv e ,  l e d  to  a f u r t h e r  i n t e r e s t i n g  
d i s c o v e ry .  I n  e a r l y  a t t e m p ts  to  ach ieve  th e  minnow 
p r e p a r a t i o n  th e  body wa].l i n c i s i o n  was made d o r s o - l a t e r a l l y  
i n  o rd e r  to  o b t a i n  d i r e c t  a c c e s s  to  th e  sym pathe t ic  cha in .  
T h is  in v o lv e d  c u t t i n g  s e v e r a l  r i b s  and s p in a l  n e rv es  r a t h e r  
n e a r  t h e i r  r o o t s .  Soon a f t e r  t h i s  o p e r a t i o n  th e  d o r s a l  
f i n s  of th e  f i s h e s  began to  t w i t c h  v i o l e n t l y .  VJhen t h i s  
ceased ,  r e s p i r a t o r y  movements were suddenly  d i s c o n t in u e d  
t o g e t h e r  m t h  mel anophore a c t i v i t y  i n  re sponse  to  therm al  
s t i m u l a t i o n .  This  phenomenon was assumed to  be due t o  
s p in a l  shock and was com ple te ly  cured  by making a v e n t ro ­
l a t e r a l  i n c i s i o n  i n  th e  s o f t  b e l l y  w a l l  and u s in g  a l o n g e r  
g l a s s  j e t  t o  re a c h  th e  r e g io n  o f  th e  sym pa the t ic  cha in .
I n  th e  expe r im en ts  i n v o lv in g  d i s r u p t i o n  of  the  
c i r c u l a t i o n  i t  was a g a in  no ted  t h a t  chrom atic  re sp o nses  
p e r s i s t e d  u n t i l  th e  time a t  which r e s p i r a t o r y  movements 
ceased .  Then, even i f  t h e  mel anophore s were h a l f -w ay  i n  
an a c t i v e  re spo nse  o r  re co v e ry ,  f u r t h e r  movement of  pigment 
h a l t e d  a b r u p t ly .  Again m  de sp read  nervous r e a c t i o n  o r  
shock might have caused th e  co in c id en ce  b u t  th e  c o r r e l a t i o n  
was l a t e r  su p p o r ted  i n  a t h i r d  way. I n t a c t  minnows.
8 c .
respond ing  n o rm al ly  to  e x t e r n a l l y  a p p l i e d  t e m p e ra tu re s ,  
suddenly  ceased  to  do so i f  a n a e s t h e s i a  became so deep 
t h a t  r e s p i r a t o r y  movements were i n t e r r u p t e d .  P r o v i s i o n  
was made i n  t h e  a n a e s t h e t i c  a p p a ra tu s  to  p ro v id e  t a p - w a te r  
( o r  i n  extreme ca se s  d i l u t e  c a rb o n ic  ac id)  i n s t e a d  of  
0 . 2 5 %  u r e th a n e  i f  n e c e s sa ry ,  and i n  such ca ses  r e s p i r a t o r y  
movements soon r e s t a r t e d .  The in t e r r u .p t e d  mel anophore 
re sp o n se  was th e n  c a n p le te d  and f u r t h e r  r e a c t i o n s  could 
be o b ta in e d  i n  th e  normal way.
These phenomena, f i r s t  n o t i c e d  when minnows were k e p t  
f o r  long  p e r io d s  u n d e r  u r e th a n e ,  were l a t e r  observed  i n  
s e v e r a l  o t h e r  s p e c ie s  ( s e e  Chapter  IV).  l H a t f i s h  i n  
p a r t i c u l a r  p roved  d i f f i c u l t  to  c o n t r o l  u n d e r  u re th a n e ;  
th e y  e i t h e r  became a c t i v e  o r  ceased  to  perform  r e s p i r a t o r y  
movements. For t h i s  r e a s o n  u r e th a n e  was r e p la c e d  by 
MS222  f o r  th e  l a r g e r  m arine  t e l e o s t s  and th e  r e s p i r a t o r y  
movements were c a r e f u l l y  observed  th roughou t  a l l  
t e m p e ra tu re  ex pe r im en ts .  The c o r r e l a t i o n  was always 
u p he ld ;  a c e s s a t i o n  of  melanophore a c t i v i t y  observed 
m i c r o s c o p i c a l l y  i n d i c a t e d  t h a t  t h e  r e s p i r a t o r  a p p a ra tu s  
r e q u i r e d  a t t e n t i o n .  Responses i n  th e  absence of 
r e s p i r a t o r y  movements were n ev e r  observed i n  any f i s h .
P o s s i b l y  t h i s  r e l a t i o n s h i p  i n d i c a t e s  t h a t  th e  source  
o f  t o n i c  a c t i v i t y  proposed  f o r  th e  chrom atic  nerve f i b r e s  
i s  l in l i e d  i n  some way m t h  rhythm ic  a c t i v i t y  i n  th e  
r e s p i r a t o r y  c e n t r e s .  No o t h e r  e x p la n a t io n  can be suggested
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a t  p r e s e n t .  A r a t h e r  tenuous  c o n n e c t io n  m ight be sugges ted  
between t l i i s  e f f e c t  and t h a t  observed  by Cole and S c h a e f f e r  
(19365  1 9 3 7 ) and Cole (1937)• These a u th o rs  measured th e  
r a t e  of background a d a p t a t i o n  of  Fundulus a t  d i f f e r e n t  
te m p e ra tu re s .  They s t r e s s e d  t h a t  th e  te m p era tu re  
c o e f f i c i e n t s  th e y  o b ta in e d  (Arrhenius* was 9 ,7 0 0  and 
1 0 ,9 0 0  i n  s e a -w a te r  and 1 1 ,^ 0 0  i n  f r e s h - w a t e r ;  see 
Chapter  Ib) were s t r o n g l y  s u g g e s t iv e  of r e s p i r a t o r y  
dependence, s in c e  th ey  were v e ry  c lo s e  to  th e  v a lu e  f o r  
r e s p i r a t o r y  movements i n  th e  same s p e c ie s  ( yiA = 8 ,^ 0 0  i n  
s e a -w a te r ,  11 ,300  i n  f r e s h - w a t e r ;  quoted  from S i z e r  1935-6) 
B e leh radek  (1930-) however q u e s t i o n s  th e  s i g n i f i c a n c e  of 
te m p e ra tu re  c o e f f i c i e n t s  when u s e d  i n  t h i s  way.
According to  Healey (1957) ,  S p r in g e r  ( 19 2 8 ) r e p o r t e d  
t h a t  s e c t i o n  o f  th e  o p t i c  l o b e s  of  some t e l e o s t s  r e s u l t s  i n  
i r r e g u l a r i t i e s  of  r e s p i r a t o r y  movement. This  may i n d i c a t e  
a l i n k  betw een  th e  o p to ch rom at ic  system and th e  r e s p i r a t o r y  
c e n t r e s ,  b u t  th e  ex p e r im e n ta l  d e t a i l s  were s a id  to  be 
im p re c i s e  (H e a ley ) .
e. The E f f e c t  of B l i n d i n g .
Smith ( 1 9 2 8 ) r e p o r t e d  t h a t  f o l l o m n g  b i l a t e r a l  o p t i c -  
ne rv e  s e c t i o n ,  Fundulus p rod u ces  v e ry  slow denerva ted  
re sp o n s e s  to  a p p l i e d  h e a t  and co ld  ( s e e  Chapter I d ) .  He 
s t a t e s . . . " I t  i s  no t  n e c e s s a ry  th e n  t o  s t i m u l a t e  den e rv a ted
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c e l l s  i n  o rd e r  t o  observe  p igm en ta ry  re sp o n se s  to  
t e m p era tu re  changes a s s o c i a t e d  w i th  th e  d i r e c t  a c t i o n  of 
h e a t  and co ld  upon m elancphores .  A ll  t h a t  i s  n e c e s s a ry  to  
ensu re  th e  o cc u r ren c e  of  such r e a c t i o n s  i s  t o  p re v e n t  by 
some s u i t a b l e  means th e  m otor im p u lse s  from reach ing  th e  
pigment c e l l s .  I f  t h i s  can be done by l e a v i n g  the  nervous 
system i n t a c t ,  t h e  p re se n c e  o f  such co n n e c t io n s  does no t  
h i n d e r  th e  responses**. No f u r t h e r  r e f e r e n c e s  a re  made to  
t h i s  s ta te m e n t  however, and he f i n a l l y  c o n s id e r s  th e  
c o n s t a n t  ' 'exposure  time** n e c e s s a ry  a t  a l l  l i m i n a l  
t e m p e ra tu r e s  to  be d e f i n i t e  ev idence  of  r e f l e x  a c t i o n .
An e x p l a n a t i o n  of  t h i s  e f f e c t  i s  p o s s i b l e  on th e  b a s i s  
o f  th e  p r e s e n t  t h e o ry  s in c e  a complete l a c k  o f  senso ry  
i n p u t  may l e a d  to  q u ie sce n ce  o f  th e  t o n i c  ch rom atic  motor 
c e n t r e s .  I f  t h i s  were so t h e r e  would be no motor im p u lse s  
and th e  m elanophores  would be f r e e  to  a c t  in d e p e n d e n t ly  to  
te m p e ra tu re  ( t h e  d en e rv a ted  re sp o n s e ) .
The p o s i t i o n  i n  th e  minnow may be more complex however 
s in c e  v . F r i s c h  (1 9 1 1 c) found t h a t  th e  ro o f  o f  th e  
d ien ce p h a lo n  i s  p h o t o s e n s i t i v e  and t h a t  b l i n d e d  bu t  o th e r -  
ivise i n t a c t  minnows co n t in u e  to  change co lo u r  i n  re sponse  
t o  changes of  i l l u m i n a t i o n  ( t l i i s  has  no t  been  dem onstra ted  
i n  F u n d u lu s ) . The in d ep en d en t  re sponse  to  l i g h t  i n t e n s i t y  
by th e  mel anophore s of  some minnows (Healey  19^ 8 , 1951) i s  
i n s u f f i c i e n t  to  account  f o r  th e  whole o f  t h i s  e f f e c t .  An 
i n t e r e s t i n g  experim ent  would be to  t e s t  th e  tem p era tu re
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re sp o n se s  o f  i n t a c t  minnows du r ing  p ro longed  p e r io d s  of 
d a rk n ess .  Obviously  t h i s  cou ld  no t  be ach ieved  i d t h  th e  
j e t  t e ch n iq u e  due to  the  n e c e s s i t y  of  h a n d l in g  th e  f i s h ,  
b u t  i t  should  have been  p o s s i b l e  m t h  th e  c o n s t a n t  
o b s e r v a t io n  tank  t e c h n iq u e .  I t  was hoped to  measure th e  
l i g h t  i n t e n s i t y  a t  which th e  r e a c t i o n s  m ight become a f f e c t e d ,  
b u t  th e  p r o j e c t  had f i n a l l y  to  be abandoned ( s e e  Chapter 
I l l b ) .
A r e p e t i t i o n  o f  th e  experim ent  as  perfo rm ed  by 4 i t h ,  
w i th  b i l a t e r a l  o p t i c - n e r v e  s e c t i o n  was i n i t i a l l y  d i s ­
a l low ed  by th e  S e c r e t a r y  f o r  S t a t e  i n  the  l i c e n c e  f o r  
exp e r im en ts  on l i v i n g  an im als ,  b u t  s p e c i a l  p e rm is s io n  was 
o b ta in e d  to  b l i n d  twelve  f i s h e s  p ro v id ed  t h a t  th ey  were 
k i l l e d  w i t h i n  30  hou rs .  S e c t i o n  of  th e  o p t i c  nerve  was 
perfo rm ed  u n d e r  u r e th a n e  a n a e s t h e s i a ,  th rough  a small 
i n c i s i o n  d o r s a l  to  th e  eye which was l a t e r  c lo s e d  by a 
s i n g l e  s t i t c h .  The f i s h e s  appeared  to  be l i t t l e  
i n c a p a c i t a t e d  by th e  p ro c ed u re  and swam norm ally  on 
re co v e ry .  N e r v e ' s e c t i o n  was l a t e r  confirmed by d i s s e c t i o n  
i n  each f i s h .
Three f i s h  were each t e s t e d  1 hour,  3 hours  and 2^  hours  
a f t e r  th e  o p e r a t i o n  a t  35^C. and a t  C^C. One gave 
d en e rv a te d  re sp o n se s  a t  t h r e e  hours  b u t  l a t e r  d ied .  The 
o t h e r  two gave d en e rv a ted  re sp o n se s  on ly  a t  2^  hours  and 
i n  one t h e s e  r e sp o n se s  were v e ry  weak. A f u r t h e r  group 
of  t h r e e  f i s h  were a l low ed  to  r e c o v e r  from th e  o p e r a t i o n
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and were t e s t e d  on ly  a t  24 hours  when a l l  t h r e e  showed 
f a i r l y  s t ro n g  in n e r v a t e d  re sp o n se s .
F i n a l l y  t h r e e  f i s h  were observed  u n d e r  m a in ta in e d  
a n a e s t h e s i a  f o r  p e r io d s  of  5 -  8 hou rs ,  t h e n  r e tu r n e d  to  
w a te r  and re -exam ined  a f t e r  24 h ou rs .  F o l lo m n g  th e  
o p e r a t i o n  i n n e r v a t e d  re sp o n se s  became s lu g g i s h  and weaker 
and i n  one case  r a t h e r  p a tch y .  T hresho lds  f l u c t u a t e d  
and v a r i e d  i n  sh a rp n e ss .  No p a t t e r n  could  be d i s c e rn e d  
i n  t h i s  a c t i v i t y  and no r e v e r s a l  o f  re sp on se  was observed.  
A f t e r  24 h ou rs  one f i s h  behaved as  b e f o re  and th e n  suddenly  
changed to  th e  d en e rv a ted  re sp on se  which was re p e a te d  
t h r e e  t im es  b e f o r e  the  f i s h  was k i l l e d .  The second d ied  
o v e rn ig h t  and th e  m elanophores  of  th e  t h i r d  proved t o t a l l y  
u n re s p o n s iv e  to  te m p e ra tu re  changes.
The p e r m is s io n  f o r  t h r e e  f u r t h e r  f i s h  was r e se rv e d  i n  
case  th e  exper im en t  could  be r e p e a te d  i n  th e  c o n s ta n t  
o b s e r v a t io n  t  ank.
Although Smith* s r e s u l t  cannot  be f u l l y  confirmed, 
o p t i c  nerve s e c t i o n  u n d o u b ted ly  had some e f f e c t  i n  P h o x in us . 
I n  most f i s h  th e  re sponse  became v e ry  weali, t h r e s h o ld s  
f l u c t u a t e d  from hour to  hour and th e  response  was re v e rse d  
i n  f o u r  f i s h  ou t  o f  n in e .  None of  th e s e  e f f e c t s  has been  
observed  i n  a v e ry  l a r g e  number o f  i n t a c t  f i s h .  The 
r e s u l t s  may i n d i c a t e  a weakening o r  f l u c t u a t i o n  of  c h r o n a t i c  
motor to nu s  b u t  s e v e ra l  o t h e r  e x p la n a t io n s  a re  p o s s i b l e .
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f . The Low Temperature E f f e c t .
The re spo nse  to  low tem p e ra tu re  was examined by a 
t e c h n iq u e  s i m i l a r  to  t h a t  u se d  f o r  th e  h ig h  te m p e ra tu re  
r e sp o n se s  ( Chapter  I l i a ) .  A c o n t r o l l e d  j e t  o f  co ld  w a te r  
was o b ta in e d  m t h  th e  a p p a ra tu s  shown i n  F ig u re  1 1 . This  
produced t e m p e ra tu r e s  down to  about 2^C. By comparison 
w i th  th e  warm j e t  a p p a ra tu s  (F ig u re  6 ) th e  extreme 
tem p e ra tu re  was reached  r a t h e r  s lowly  as  th e  r e s e r v o i r  
t e m p e ra tu re  cou ld  no t  g r e a t l y  exceed t h a t  r e q u i r e d  a t  th e  
o u tp u t  and therm al  i n e r t i a  was h igh .  Also a t  low 
te m p e ra tu r e s  th e  p r e s s u r e  o f  th e  j e t  was reduced  by th e  
i n c r e a s e d  v i s c o s i t y .  Th is  was c o r r e c t e d  i n  u s e  by 
compensatory ad ju s tm en t  of  th e  t o t a l  f lo w  t a p ,  i n  o rd e r  
t o  p r e v e n t  changes i n  m echan ica l  s t i m u l a t i o n .
The ex pe r im en ts  were commenced a t  Plymouth on 
C ten o lab rus  ru -u e s t r i s  ( L . ) ,  a s p e c ie s  which e x h i b i t s  v e ry  
c l e a r  t e m p e ra tu re  re sp o n se s  s i m i l a r  to  th o s e  of  P horn m s  
( s e e  Chapter IV ) .  E a r ly  expe r im en ts  m t h  th e  a p p l i c a t i o n  
o f  p i e c e s  of f r o z e n  s e a -w a te r  to  th e  s k in  had produced 
l i t t l e  re spo nse  a t  f i r s t ,  b u t  as  th e  coo led  s k in  warmed 
towards room te m p e ra tu re  a f t e r  removing th e  i c e ,  complete 
a g g r e g a t io n  o c c u r re d .  F u r t h e r  warming produced  complete 
re c o v e ry  of  th e  o r i g i n a l  melanophore s t a t e s .  Three of  
th e  same f i s h  were u sed  i n  th e  p r e s e n t  exp e r im en ts .
A f t e r  a n a e s t h e t i s a t i o n  i n  u r e th a n e  each f i s h  was l a i d  upon
F lL g u . r e  11.
1 1
0 -  _
J e t
n T h e  CoLdL J e t  A p p a r c x t u s
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t h e  wax d i s h  and su p p l ie d  o r a l l y  v/ith 0 . 25/^  s o l u t i o n  of
u r e th a n e  i n  s e a -w a te r .  The a p p a ra tu s  was f i l l e d  % t h  sea-
o
w a te r  a t  16 C. and m e l t in g  s e a -w a te r  i c e .
As th e  tem p e ra tu re  of  th e  j e t  was reduced ,  complete 
a g g r e g a t io n  of th e  m elanophores  was produced suddenly  over  
a te m p e ra tu re  range o f  2 -  At h ig h e r  t e m p e ra tu r e s  th e
re sp on se  was r e v e r s e d  and th e  melanophores re co v e re d  t h e i r  
fo rm er  s t a t e .  I'Jhen t h i s  p ro c ed u re  was re p e a te d  i n  o r d e r  t o  
check th e  t h r e s h o l d  te m p e ra tu r e ,  a h ig h e r  v a lu e  was found 
t o  be e f f e c t i v e .  This  t r e n d  was p r o g r e s s iv e  u n t i l  a f t e r  
60  -  9 0  m in u te s  th e  t h r e s h o l d  tem p e ra tu re  became rooii 
t e m p e ra tu re  and th e  f i s h  remained p a le  over  th e  whole of  
i t s  s u r f a c e  a l l  t h e  t im e.  I t  was remarked i n  Cliapter I l i a  
t h a t  minnows a n a e s t h e t i s e d  i n  u r e th a n e  became dark a t  f i r s t  
and t h e n  s low ly  p a le d .  A s i m i l a r  phenomenon occu rs  i n  
C ten o lab ru s  r u n e s t r i s  and i t  i s  c l e a r  t h a t  t h i s  p ro c e s s  i s  
accompanied by a s te a d y  r i s e  i n  th e  low tem p era tu re  
t h r e s h o l d .
Each f i s h  was l a t e r  r e t e s t e d  and th e  i n i t i a l  
e s t i m a t i o n  o f  co ld  t h r e s h o l d  te m p e ra tu re  was performed 
as  q u ic k ly  as  p o s s i b l e  a f t e r  a n a e s t h e t i  s a t i o n .  This was 
r a t h e r  d i f f i c u l t  as  the  re sp o n s e s  were s low er th a n  th e  
h ig h  te m p e ra tu re  r e sp o n se s  and time had to  be allowed a t  
each t e s t  t e m p e ra tu r e  f o r  i t s  e f f e c t  to  be determ ined .
Values  between  6°C. and 1 0 °C. were o b ta in e d  b u t  a g a in  th e  
t h r e s h o l d  ro s e  s low ly  to  room te m p e ra tu re .  During each
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exper im ent  th e  j e t  was removed from the  body of th e  f i s h  
and run  f u l l y  co ld  b e f o re  be in g  r e a p p l i e d  ( a t  2 -  3 ^C .) .
Each t ime t h i s  produced no re sponse  b u t  when th e  j e t  
tem p e ra tu re  was r a i s e d  s low ly ,  ccmplete  a g g r e g a t io n  
o c c u r re d  over  a narrow te m p e ra tu re  range. A f t e r  a f u r t h e r  
i n c r e a s e ,  r e c o v e ry  o cc u r red  a t  th e  co ld  t h r e s h o l d  tem pera tu re ,  
I t  t h e r e f o r e  appeared  t h a t  th e  a p p l i c a t i o n  of  to o  1 o\>t a 
te m p e ra tu re  p r e v e n te d  normal r e sp o n se s .  This  ag ree s  w i th  
th e  o b s e r v a t io n  fo l lov / ing  th e  removal o f  f r o z e n  se a -w a te r .  
F u r t h e r  i n v e s t i g a t i o n  of  t h i s  phenomenon would be d e s i r a b l e  
s in c e  i t  was a l s o  observed  i n  s e v e ra l  o t h e r  s p e c ie s  
( Chapter  I V ) .
I n  one exper im ent  th e  body tem p e ra tu re  o f  the  f i s h ,  
some d i s t a n c e  from the  j e t ,  was m onito red  by a thermo­
e l e c t r i c  j u n c t i o n  i n  a n ee d le  i n s e r t e d  sub- cu t  ane ou s i  y .
No change cou ld  be d e t e c t e d  a f t e r  p ro longed  a p p l i c a t i o n  of 
a j e t  a t  ^^C. I n  some ca se s  i t  was found t h a t  re sp o n ses  
ceased  when r e s p i r a t o r y  movements were suspended by too  
deep a s t a t e  o f  a n a e s t h e s i a ,  j u s t  as  found f o r  the  h ig h  
te m p e ra tu re  re sp on se  (C h ap te r  I l l d ) .
A s i n g l e  specimen o f  C re n i l a b ru s  melons (L .)  was a l s o  
a v a i l a b l e  from th e  expe r im en ts  o f  Chapter IV. Responses 
were a g a in  observed  f o r  th e  melanophores  su rround ing  th e  
c e n t r e  of each s c a le .  Complete a g g r e g a t io n  was observed 
a t  t e m p e ra tu r e s  below 8 -  1 2 ^C. b u t  th e  t h r e s h o l d  appeared 
to  be r a t h e r  wide and i n d e t e r m i n a t e .  No p r o g r e s s iv e
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s h i f t  of t h r e s h o l d  tem p e ra tu re  could  be d i s t i n g u i s h e d .  
Sudden a p p l i c a t i o n  of  th e  j e t  a t  2 -  3^C. produced  complete 
a g g r e g a t io n  i n  c o n t r a s t  to  C teno lab rus  r u n e s t r i s . A l l  
r e sp o n se s  were com ple te ly  r e v e r s i b l e  a t  t e m p e ra tu re s  
somewhat above th e  t h r e s h o l d  (12 -  l 6^C. ) .
Two specimens of Gobius f l a v e s c e i i s  F a b r i c i u s  were a l s o  
t e s t e d .  As shown i n  Chapter IV on ly  c e r t a i n  of  th e  
m elanophores  of  t h i s  s p e c ie s  responded to  th e  a p p l i c a t i o n  
o f  s e a -w a te r  i c e .  The r e s u l t s  were r a t h e r  i n c o n c l u s i v e .  
One f i s h  showed some ev idence  of  i n h i b i t i o n  of  re sponse  by 
th e  l a r g e r  m elanophores  a t  v e ry  low te m p e ra tu r e s ,  w h i le  
th e  o t h e r  su g g es ted  some r i s e  of  t h r e s h o l d  f o r  th e  s m a l le r  
m elanophores  m t h  t im e .  N e i th e r  e f f e c t  cou ld  be confirmed 
on th e  o t h e r  specimen. Both showed t h a t  th e  low 
te m p e ra tu re  re spo nse  cou ld  occu r  com ple te ly  and r e v e r s i b l y  
over  a range o f  a few d eg ree s .
Two P l e u r o n e c te s  p l a t e s s a  (L .)  ( s e e  Chapter  IV) were 
a l s o  t e s t e d .  P ro longed  exposure  to  t e m p e ra tu r e s  down to  
3 ^C. produced no chromatophore re sp o n se s  i n  e i t h e r  f i s h ,  
a l th o u g h  subsequen t  c o n ta c t  m t h  b lo c k s  of  f r o z e n  s e a -w a te r  
p roduced  a g g r e g a t io n  i n  b o th  c a s e s .  I t  i s  t h e r e f o r e  
assumed t h a t  3 ^C. i s  above th e  t h r e s h o l d  te m p e ra tu re  f o r  
t h i s  s p e c ie s .  Absence of  re sp o n se  was no ted  i n  a t h i r d  
specimen b u t  we ale and i r r e g u l a r  b re a t l i in g  movements caused 
t h i s  r e s u l t  t o  be r e j e c t e d .
These ex p e r im en ts  were l a t e r  con t inued  on minnows
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which were o b ta in e d  i n  b re e d in g  c o n d i t i o n  from G ra v e t ie .
The a p p a ra tu s  o f  F igu re  11 was now f i l l e d  m t h  f r e s h - w a t e r .
S ix  c h r o m a t i c a l ly  normal f i s h  were a n a e s t h e t i s e d  i n  t u r n
and t e s t e d  m t h  t e m p e ra tu re s  down to  3 ^G. and m t h  sm all
p i e c e s  of  m e l t in g  i c e .  I n  no case could any re sponse  be
d e t e c t e d  i n  any o f  th e  m elanophores .  P a l in g  u n d e r
a n a e s t h e s i a  p roceeded  a t  v a ry in g  r a t e s  and was complete i n
each f i s h  w i t h i n  15 -  60 m in u te s .  The same f i s h  were t h e n
t e s t e d  f o r  h ig h  te m p e ra tu re  r e sp o n se s .  A ll  showed th e
normal r e a c t i o n  (pigment d i s p e r s io n )  a t  t e m p e ra tu re s
o
v a ry in g  from 28 -  35  C. a l th o u g h  th e  re sponse  was weak i n  
two specimens. The f o l l o m n g  day a l l  were s u b je c te d  to  
s p in a l  s e c t i o n  a n t e r i o r  to  th e  l 5 t h  v e r t e b r a ,  and ^  hours  
a f t e r  t h i s  f i v e  o f  th e  f i s h  were a g a in  t e s t e d  f o r  low 
te m p e ra tu r e  re sp o n s e s  (one d ie d  f o l l o m n g  th e  o p e r a t io n ) .  
A l l  p roduced  maximal mel anophore d i s p e r s i o n  a t  2^C. w ith  
no c l e a r  t h r e s h o l d  te m p e ra tu re  and a graded response .
I t  was sug g es ted  t h a t  t h e s e  abnormal re sp o n se s  might 
be due to  ch rom atic  changes a s s o c i a t e d  w i th  th e  b reed in g  
c o n d i t i o n .  The e x t e r n a l  i n d i c a t i o n s  o f  t h i s  s t a t e  were 
l o s t  q u i t e  q u i c k l y  i n  t h e  s to ck  ta n k s  and a f t e r  th re e  
weeks th e  sexes  were c h r o m a t i c a l l y  i n d i s t i n g u i s h a b l e .
S ix  f i s h  from t h i s  s tock  w^ere th e n  t e s t e d  b u t  low 
te m p e ra tu re  w a te r  and th e  a p p l i c a t i o n  of  i c e  produced no 
d i s t i n g u i s h a b l e  r e sp o n se s .  Two f u r t h e r  groups of  s ix  
f i s h  each a l s o  p roduced  no low tem p era tu re  re sp o n ses
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a l th o u g h  normal re sp o n ses  were produced by l o c a l  h e a t in g .
Thus i t  appeared  t h a t  t h e  f i s h  from t h i s  p o p u l a t i o n  
p roduced  normal re sp o n se s  to  h ig h  t e m p e ra tu r e s  excep t  when 
d en e rv a ted  (C h ap te r  l i e )  and normal re sp o n se s  to  loiv 
t e m p e ra tu r e s  on ly  when d en e rv a ted .  I t  seems u n l i k e l y  
t h a t  th e  b re e d in g  c o n d i t i o n  caused  th e  d i s c re p a n c y  between 
t h e s e  r e s u l t s  and th ose  o f  v . F r i s c h  and th o se  o b ta in ed  m t h  
Weish minnows and m t h  minnows from H e r t f o r d s l i i r e .  I t  
can  on ly  be su gg es ted  t h a t  t h e  p o p u l a t i o n  from G ra v e t ie  
d i f f e r e d  i n  some way from th o se  o f  th e  o t h e r  sou rces  u sed .  
S im i l a r  d i f f e r e n c e s  between o t h e r  chrom atic  re sp o n se s  i n  
d i f f e r e n t  p o p u l a t i o n s  of  Phoxinus  have been  found by 
H ea ley  (1 9^8 , and u n p u b l i s h e d ) .
g. Conclu s i o n s .
I n  Chapter  I l f  a p o s s i b l e  e x p la n a t io n  o f  th e  re sp o n se s  
o f  m elanophores  to  te m p e ra tu re  changes was p u t  fo rw ard .
The r e s u l t s  r e p o r t e d  i n  t h i s  Chapter do not prove th e  
c o r r e c t n e s s  o f  th e s e  i d e a s  b u t  a r e  n e v e r t h e l e s s  com patib le  
m t h  them. The d i s c o v e ry  t h a t  b o th  th e  h ig h  and th e  low 
te m p e ra tu re  r e sp o n se s  of  i n n e r v a t e d  m elanophores  occur a t  
d e f i n i t e  t h r e s h o l d  te m p e ra tu r e s  m t h  ap p a ren t  absence of  
accommodation r e n d e r  a sen so ry  o r i g i n  im probab le .  The 
narrow range o f  e f f e c t i v e  te m p e ra tu re  changes sometimes 
observed  compares f a v o u ra b ly  w i th  th e  r e s u l t s  of Bremer
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and T i t e c a  ( 19^ 6) shown i n  F ig u re  5- The th e o ry  of  t o n i c  
im balance  by therm al  b lo c k in g  th u s  r e c e i v e s  some suppor t .
The f l u c t u a t i o n s  and b roaden ing  o f  th e  t h r e s h o l d s  may be 
e x p la in e d  by p o s t u l a t i n g  v a r i a t i o n s  i n  th e  a b s o lu t e  and 
r e l a t i v e  l e v e l s  of t o n i c i t y  i n  th e  two s e t s  o f  f i b r e s .
T h is  argument l e a d s  n a t u r a l l y  to  th e  c o n c lu s io n  t h a t  u n d e r  
u r e th a n e  a n a e s t h e s i a  the  a c t i v i t y  o f  mel anophore d i s p e r s i n g  
f i b r e s  i s  f i r s t  s t im u la t e d  and th e n  slowly d ep ressed ,  
w h i l s t  p a l i n g  f i b r e  a c t i v i t y  i s  s c a r c e l y  a f f e c t e d .  But 
s in c e  darken ing  f i b r e s  have n o t  been  c o n c lu s iv e ly  
dem ons tra ted  ( s e e  Chapter  V) and therm al i n t e r f e r e n c e  i s  
n o t  proven ,  t h e s e  c o n c lu s io n s  must be reg a rded  as 
t e n t a t i v e .
The absence  of  th e  co ld  re spo n se  i n  some s p e c ie s  a t  
v e r y  low t e m p e ra tu r e s  may r e p r e s e n t  a t o t a l  b lock  of a l l  
ch rom atic  f i b r e s .  On rewarming th e  p a l i n g  f i b r e s  would 
t h e n  be r e l e a s e d  f i r s t  and produce  complete a g g r e g a t io n  
u n t i l  th e  d i s p e r s i n g  f i b r e s  were r e l e a s e d .  I f  t h i s  were 
so one would ex p e c t  th e  m elanophores  to  d i s p e r s e  t h e i r  
p igment a t  v e r y  low t e m p e ra tu re s  as  an in d ep en d e n t  re sp o n se .  
T h e i r  f a i l u r e  t o  do t h i s  s u g g e s t s  t h a t  a t  such te m p e ra tu r e s  
t h e  a c t i v i t y  o f  t h e  e f f e c t o r  c e l l s  i s  a l s o  suppressed .
The f a i l u r e  of  the  c o n s ta n t  o b s e r v a t io n  tank  
te c h n iq u e  was d i s a p p o i n t in g  s in c e  i t  would have allowed 
t h e  re sp o n s e s  t o  be observed  i n  u n a e s t h e t i s e d  f i s h  u n d e r  
a wide range of  c o n t r o l l e d  c o n d i t i o n s .  V a r i a t i o n s  of
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i l l u m i n a t i o n  and background co lo u r  might have p e rm i t t e d  
more v a l i d  c o n c lu s io n s  about th e  t o n i c  s t a t e s  and removed 
much o f  the  doubt about the  p r e s e n t  i n t e r p r e t a t i o n s .
The c o r r e l a t i o n  between b o th  h ig h  and low te m p e ra tu re  
r e sp o n se s  and r e s p i r a t o r y  movements was always v e ry  c l e a r  
a l th o u g h  t o t a l l y  u n ex p ec ted .  A d i r e c t  c o n n e c t io n  between 
th e  r e s p i r a t o r y  and ch rom atic  motor c e n t r e s  has  been 
sug ges ted .  P o s s i b l y  th e  fo rm er  a c t s  as  a pacemalier f o r  
b o th  th e  l a t t e r  ( i f  two e x i s t ) .  But i f  t h i s  i s  th e  case 
i t  i s  d i f f i c u l t  to  see why th e  m elanophores  of th e  
q u ie s c e n t  f i s h ,  supposedly  r e l i e v e d  of motor c o n t r o l ,  do 
n o t  r e a c t  in d e p e n d e n t ly  to  th e  t e m p e ra tu re s  p r e s e n t .
The speed and c e r t a i n t y  > â th  which th e  re sp o n se s  a re  
su pp ressed  and r e g a in e d  alm ost  c e r t a i n l y  r u l e  ou t  any 
s u g g e s t io n  t h a t  t i s s u e  m etabo lism  i s  a f f e c t e d  by 
r e s p i r a t o r y  c o n d i t i o n s .  The c o n c lu s io n s  of  v . F r i s c h  
re g a rd in g  Anam ieaufhellung ( s e e  Chapter I c ,  I l a )  a l s o  
d i s c o u n t  t h i s  p o s s i b i l i t y .
The ex p e r im en ts  on h e a t i n g  th e  sym pa the t ic  ch a in  of  
Pho:d.nus appeared  t o  g iv e  c o n s id e r a b le  suppor t  to  th e  
to n u s  i n t e r f e r e n c e  t h e o r y .  Responses were always so 
r a p id  and e x h i b i t e d  such c l e a r l y  d e f in e d  th r e s h o l d s  t h a t  
th e  c o n d u c t io n  of  h e a t  th ro u g h  th e  t i s s u e s  appeared  to  be 
an im p o s s ib le  v e c t o r  o f  the  s t im u lu s .  U n f o r tu n a t e ly  
subsequen t  exp e r im en ts  w i th  P l e u r o n e c te s  on ly  served  to  
confuse  th e  s i t u a t i o n .  Exper im ents  on a l a r g e  f i s h  m t h
9^.
an 'a c c e s s i b l e *  sym pathe t ic  c h a in  a re  d e s i r a b l e ,  f o r  i t  
i s  p o s s i b l e  t h a t  therm al b lo c k in g  i s  more e f f e c t i v e  a t  
synapses  o r  n e u r o - chromai j u n c t i o n  th a n  i n  th e  u n i n t e r r u p t e d  
f i b r e s  of th e  s p in a l  n e rv e s .  An a t tem p t  was made to  
c o n s t r u c t  a small  t h e r m o - e l e c t r i c  thermode which would 
p e rm i t  ex t rem e ly  l o c a l  h e a t in g  and co o l in g  of  e i t h e r  th e  
sy m p a the t ic  c h a in  o r  a f r e e  loop  of  the  s u p e r f i c i a l  
oph tha lm ic  nerve  ( s e e  Chapter  V). This  proved  to  be 
beyond th e  t e c h n i c a l  a b i l i t y  o f  th e  a u th o r  and had to  be 
abandoned.
dCAFTER IV.
TEE T3IPEBATCRE EFFECT IN SOME OTHER SPECIES.
a. I n t r o d u c t i o n .
The te m p e ra tu re  r e sp o n se s  o f  th e  minnow have been  
observed  i n  on ly  a few o t h e r  s p e c ie s  of  t e l e o s t .
V.F r i s c h  (1912) d escr ib es  s i m i l a r  r e sp o n se s ,  r e v e r s i b l e  
on d e n e rv a t io n ,  i n  C renilabru .s  navo and i n  th e  
e r y th r o p h o re s  o f  T r i g l a  co r  ax and T. l i n e  a t  a . Smith (1928)
9 ^
i n v e s t i g a t e d  th e  re sp o n se s  o f  Fundulus h e t e r o c l i t u s  w hile  
Smith and Smith (193?) o b ta in e d  s i m i l a r  r e s u . l t s  f o r  th e  
e ry th r o p h o re s  o f  H o io ce n tru s  a s c e n s i o n a l i s . I n  a l l  
t h e s e  s p e c ie s  normal c o lo u r  changes a re  v e ry  qu ick  and 
t h e r e  i s  adequa te  ev idence  o f  nervous c o n t r o l  o f  th e  
chromatophores  in v o lv e d .
H e i l l  ( 1 9 ^ 0) compared th e  co l  ou. r  changes of  t h r e e  
s p e c ie s  of  t e l e o s t  and d e f in e d  two d i s t i n c t  ty p e s  of 
c o lo u r  change. '<^ick changes as  shown by L e b i s t e s  
r e t i c u l a t u s  and Salmo s a l a r  were talcen to  i n d i c a t e  
p re d o m in a n t ly  nervous  c o n t r o l  m t h  o r  m t h o u t  humoral 
su p p o r t ,  whereas th e  much s low er  changes o f  A n e u i l l a  
a n g u i l l a  su g g es ted  humoral c o n t r o l  a lo n e .  This  i d e a  was 
su p p o r ted  by Waring (19^2) .  An i n v e s t i g a t i o n  of th e  
chroma.tic r e sp o n s e s  of  some m arine  t e l e o s t s  a t  Plymouth 
i n  J a n u a ry  1 9 ?8 l e d  to  a su rvey  which l a t e r  in c lu d e d  some 
f r e s h w a te r  f i s h e s .  The aim was to  a s c e r t a i n  how m d e ­
sp read  th e  te m p e ra tu re  r e s p o n s e s  a re  and to  t e s t  t h e i r  
r e l a t i o n s h i p  to  th e  p r e se n c e  o f  nervous c o n t r o l  as  judged 
by N e i l l ' s  c r i t e r i o n .
The method adopted  was v e ry  s im ple .  Rate of  change 
o f  c o lo u r  was measured by r e v e r s i n g  th e  backgrounds of 
some f u l l y  adap ted  f i s h  and r e c o rd in g  th e  time when th ey  
were judged  to  be i n d i s t i n g u i s h a b l e  from o t h e r s  m a in ta in ed  
on th e  same background. I n  o r d e r  to  reduce  the  
s u b j e c t i v e  i n f l u e n c e  o f  background co l  cur ,  p a r t s  o f  th e
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l a r g e r  s p e c ie s ,  e s p e c i a l l y  th e  H eterosom ata ,  were viewed 
th ro ug h  a h o le  i n  a s c re e n  o f  w hite  p ap e r .  This  
m acroscop ic  method i s  crude and time e s t i m a t e s  a re  always 
l e s s  th a n  th o s e  o b ta in ed  by m ic ro sco p ic  o b s e r v a t io n  of 
t h e  chromatophores ,  b u t  i t  i s  q u ic k e r  and s u f f i c i e n t  f o r  
th e  p r e s e n t  pu rp ose .  S ince  th e  f i s h  need no t  be d i s t u r b e d  
t h i s  method i s  a l s o  p o s s i b l e  m t h  much s m a l l e r  numbers of 
f i s h .  Most of  th e  ex pe r im en ts  were no t  con t in u ed  f o r  
more th a n  a few hours  so t h a t  absence of  re sponse  to  
background i n  some s p e c ie s  may no t  exc lude  th e  p re se n c e  
o f  v e ry  slow a d a p ta t i o n .
Temperature  t e s t s  were perfo rm ed  u n d e r  a n a e s th e s i a .  
High t e m p e ra tu r e s  were produced  by th e  a p p a ra tu s  of 
F ig u re  6 ( f i l l e d  w i th  s e a -w a te r  f o r  m arine  t e l e o s t s )  and 
low t e m p e ra tu re s  by th e  a p p l i c a t i o n  o f  i c e  o r  i c e - w a t e r  
t o  th e  s k in  o f  th e  f i s h .  S ea -w a te r  i c e  was c a r e f u l l y  
b rok en  and mixed to  p r e v e n t  te m p e ra tu re  v a r i a t i o n s  and 
p o s s i b l e  osm otic  e f f e c t s .  O b se rv a t io n  was always made 
m i c r o s c o p i c a l l y  as  f o r  th e  minnow and r e s p i r a t i o n  was 
always c a r e f u l l y  c o n t r o l l e d .  A l a r g e  wax d i s h  was 
p r e p a re d  f o r  some m arine  f i s h  b u t  th e  l a r g e r  H eterosom ata  
were mounted on a s lo p in g  d i s s e c t i o n  board .
An a t t e m p t  was made t o  o b t a i n  r e s u l t s  f o r  f o u r  
i n d i v i d u a l s  o f  each s p e c ie s  b u t ,  as  no i n c o n s i s t e n c i e s  
o c c u r re d ,  th e  r e s u l t s  f o r  s m a l l e r  numbers have been  
i n c lu d e d .  Judgment of background r e v e r s a l  t im e s  a re
97.
r a t h e r  more s u b j e c t i v e  i n  the  case  of  s i n g l e  specimens 
due to  th e  l a c k  of comparison. S p ec ia l  a t t e n t i o n  was 
p a i d  "6b th o s e  f i s h e s  which d id  no t  show qu ick  co lo u r  changes 
a s  i n  some ca ses  th e  p re se n c e  o f  chrom atic  n e rv es  was 
i n d i c a t e d  by o t h e r  means ( e . g .  by n e r v e - s e c t i o n ) .
The r e s u l t s  a re  h e re  p r e s e n t e d  i n  f u l l  as  th e  
chrom atic  r e sp o n s e s  of  many s p e c ie s  have been  examined 
f o r  the  f i r s t  t ime and i t  i s  f e l t  t h a t  th e y  may form a 
u s e f u l  b a s i s  f o r  fu tu .re  work. The n o te s  a r e  g iv en  i n  
taxonomic o rd e r  fo l lo w in g  nom encla tu re  u se d  by th e  B r i t i s h  
Museum (N a tu ra l  Hi s t o r y ) . Dr. E. Trewavas k i n d l y  
a d v ise d  i n  t h i s  m a t t e r .
b .  Notes on th e  S nec ies  Examined.
Order I s o s p o n d y l i .
Family Salmonidae.
Salmo s a l a r  L. The Salmon.
Seven p a r r  aged th r e e  to  f o u r  months and about 3*7 cm. 
lo n g  were o b ta in e d  from th e  F resh w a te r  Research  L a b o ra to ry  
o f  th e  M i n i s t r y  of A g r i c u l t u r e ,  F i s h e r i e s  and Food, by 
k i n d  p e r m is s io n  of  Dr. V. P a r r y .  The f i s h  were k e p t  a t  
1 5 ^C. i n  a c o n s t a n t  t e m p e ra tu r e  roan and s u p p l ie d  ivith 
v ig o ro u s  a e r a t i o n  s in c e  th e y  a r e  v e ry  s e n s i t i v e  t o  warmth 
and to  low oxygen t e n s i o n s .
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Background a d a p t a t i o n  was marked. A f t e r  s e v e ra l  
h o u rs  on a b la c k  background th e  f i s h  became g e n e r a l l y  dark 
w i th  e le v e n  b la c k  sad d le - sh ap ed  ' p a r r '  m ark ings  along th e  
back .  11 sh on a w hite  ground became v e ry  p a l e  and th e  
m ark ings  were a lm ost  i n v i s i b l e .  On changing from a b la c k  
t o  a w hite  background p a l i n g  appeared  to  be complete i n  
3 - 5  m in u te s ,  b u t  the  r e v e r s e  change todc  2 -  hours .  
N e i l l ' s  r e s u l t s  f o r  f i s h  o f  a s i m i l a r  age a t  I 3 . 5^0. a re  
shown i n  F ig u re  12 (19^0) .  He e s t im a te d  t h a t  p a l i n g  todc  
30  m in u te s  and darken ing  10  hou rs .  The much s h o r t e r  
e s t i m a t i o n s  made h e re  a re  p ro b a b ly  due to  th e  m acroscop ic  
method w l lch  cannot fo l lo w  th e  l a t e r  a sy m p to t ic  s t a g e s  of 
th e  re sp o n s e s .  That one change i s  v e ry  much q u ic k e r  th a n  
th e  o t h e r  i s  confirmed and ap p ea rs  to  be u n iq ue  f o r  a l l  th e  
s p e c ie s  s t u d i e d  h e re  o r  d e s c r ib e d  i n  th e  l i t e r a t u r e .  I t  
ap p e a rs  c e r t a i n  t h a t  nervous  c o n t r o l  p red o m in a te s ,  a t  l e a s t  
f o r  p a l i n g .  N e i l l  a l s o  s t i m u l a t e d  th e  f i s h  e l e c t r i c a l l y  
and o b ta in e d  r a p id ,  r e v e r s i b l e  p a l i n g  re sp o n se s .
The f i s h  were s u c c e s s f u l l y  a n a e s t h e t i s e d  m t h  a 
1 /2 0 ,0 0 0  s o l u t i o n  o f  M3222 c h i l l e d  to  15°C. M ic roscop ic  
ex am in a t io n  showed many small  m elanophores  m t h  l a r g e r  
ones forming th e  s k in  p a t t e r n  as  i n  P hox inus . High 
te m p e ra tu re  t e s t s  were co n f in e d  t o  the  e x t r e m i ty  of  th e  
t a i l  t o  p r e v e n t  e x c e s s iv e  h e a t i n g  of th e  body. The f o u r  
f i s h  t e s t e d  showed complete ,  r e v e r s i b l e ,  l o c a l  d i s p e r s i o n  
of  a l l  m elanophores  a t  2h-  -  26 C . , 26 -  28 C . , 24 -  28 C.
F ” L < ^ u . r e  1  2 .
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and 24 -  2 8 r e s p e c t i v e l y .  A p p l i c a t i o n  of  small p i e c e s  
o f  i c e  to  th e  s k in  produced a lm ost  complete melanophore 
a g g r e g a t io n  which was r e v e r s i b l e  on rewarming. A l l  the  
f i s h  re co v e re d  when r e tu r n e d  to  cool w a te r  and were k e p t  
i n  good h e a l t h  f o r  s e v e ra l  weeks.
Order Apodes.
Family  A n g u i l l id a e .
A n g u i l l a  a n v u i l l a  ( I . ) .  The B e l .
Five specimens i n  th e  yelloi*; phase ,  weighing 24c gm. 
each and 50 cm. lo n g ,  were pu rch ased  from a f ishm onger  of  
B i l l i n g s g a t e .  They were d e l i v e r e d  i n  a m u s l in  bag b u t  
soon re co v e re d  i n  running w a te r  and appeared  to  be 
p e r f e c t l y  h e a l t h y .  VThen p l a c e d  i n  b la c k  or  w h ite  t a n k s ,  
o r  when th e s e  backgrounds were r e v e r s e d ,  ch rom atic  
a d a p t a t i o n  p roceeded  s t e a d i l y  u n t i l  th e  f i s h  were b la c k  o r  
p a l e  o l i v e  d o r s a l l y .  Changes todc  s e v e r a l  days and t im in g  
o f  t h e i r  e n d - p o in t s  was no t  a t tem p ted .  Response curves  
produced  by Neil l^  (19^0) a t  8 .3 ^ 0 ,  - 0 . 8 ^C. a r e  redrawn i n  
F ig u re  13 ( s i m i l a r  curves  were o b ta in e d  a t  6.7^C. and 
2 1 .7 5 ^ 0 . ) .  These t ime r e l a t i o n s  were c o r r o b o r a t e d  by 
Waring and Landgrebe (1 9^1 ) ,  and Waring (1942) a p p l i e d  to  
them th e  arguments of Hogben and Slome ( 1 9 3 1 ) f o r  th e  
p re s e n c e  of two opposing humoral a g e n ts .  (See Chapter l a ) .
There i s  n e v e r t h e l e s s  some ev idence  f o r  th e  p re se n c e  
o f  ch rom atic  m otor n e rves  i n  t i i i s  s p e c ie s  a l th o u g h  t h e i r
F(L.^u.re 1 3 . 101
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i n f l u e n c e  i n  th e  normal animal i s  ex t rem e ly  s l i g h t .
The a c t i o n  o f  mel anophore a g g re g a t in g  n e rves  i n  
hypophysectom ised  e e l s  was dem onstra ted  by Waring (19^0) 
and t h i s  was confirmed by e l e c t r i c a l  s t i m u l a t i o n .  P a r k e r  
( 1 9 ^ )  c la im s  to  have d i s c o v e re d  d i s p e r s i n g  f i b r e s  i n  
North  American e e l s  by nerve  s e c t i o n  exper im en ts .  A ll  
a u th o r s  ag ree  t h a t  such c o n t r o l  i s  norm ally  com ple te ly  
dominated by humoral f a c t o r s ,  and N e i l l  r e g a rd s  th e  
s p e c ie s  as  " p h y s i o l o g i c a l l y  a r c h a ic "  i n  i t s  chromatic  
b eh a v io u r .
The f i s h  were a n a e s t h e t i s e d  i n  I f h  u r e th a n e  s o l u t i o n  
and m a in ta in e d  u n d e r  0 .25^ s o l u t i o n .  The fo u r  f i s h  u se d  
a l l  darkened somewhat i n  u r e th a n e  b u t  resumed t h e i r  form er 
c o lo u r in g  when a l low ed  to  r e c o v e r .  The mel anophore s were 
rem arkab ly  c o n s ta n t  i n  s i z e ,  d i s t r i b u t i o n  and d i s p e r s i o n  
o f  t h e i r  p igm ent .  Two f i s h  t a k e n  from b lack  tan ks  and two 
from w hite  t a n k s  were t e s t e d  r e p e a t e d l y  i n  many re g io n s  by 
w a te r  up to  3 6 ^C, and by p ro lo n g ed  c h i l l i n g  w i th  i c e  b u t  
no mel anophore re sp o n se s  could  be d e te c te d .  A ll  r e s p i r e d  
s t r o n g l y  when u n d e r  u r e th a n e  and recov ery  i n  ta p -w a te r ,  
though slow, was complete .
Order O s t a r i o p h y s i .
Family C o b i t id a e .
Nemacheilus b a r b a t u l u s  (L .)  The Stone Loach.
A number of specimens 6 -  7 cm. i n  l e n g t h  were caught
103.
from a s tream n e a r  Essenden, H e r t f o r d s h i r e .  The a d a p t iv e  
re spo nse  to  b la c k  and w h i te  backgrounds was s i m i l a r  i n  
e x t e n t  to  t h a t  o f  th e  minnow a l th o u g h  p a t t e r n i n g  of the  
s k i n  was l e s s  marked a t  a l l  s t a g e s .  R eversa l  o f  back­
grounds l e d  t o  r a t h e r  v a r i a b l e  e f f e c t s .  I f  th e  f i s h  were 
l e f t  q u i e t l y  i n  sha l low  d i s h e s ,  complete a d a p t a t i o n  took 
1 2  hours  o r  more, b u t  i f  s l i g h t l y  e x c i t e d  by o c c a s io n a l  
movement o f  th e  d i s h e s  o r  , s t i r r i n g  of th e  w a te r  m t h  a g l a s s  
rod, a d a p t a t i o n  was a lm o s t  complete i n  30  m in u te s .  This  
was observed  i n  each of  th e  f o u r  specimens t e s t e d .
Each f i s h  was th e n  a n a e s t h e t i s e d  i n  O . ^ f o  u r e th a n e  and 
t r a n s f e r r e d  to  th e  t e s t i n g  t a b l e  v a th  0 . 2$% u r e th a n e  
s u p p l ie d  o r a l l y .  The m elanophores  were seen  to  be r a t h e r  
small  and v e ry  un ifo rm  i n  appearance .  S l i g h t  v a r i a t i o n s  
i n  the  d i s t r i b u t i o n  o f  th e  melanophores  produced the  
r a t h e r  i n d i s t i n c t  s k in  p a t t e r n .  No re sp o n se s  were 
o b ta in e d  up to  3 5 ^C. o r  u n d e r  m e l t in g  i c e ,  o r  a f t e r  th e  
removal of  th e  i c e .  This  was r e p e a te d  and checked on 
each specimen. These r e s u l t s  confirm e a r l i e r  exper im ents  
on a s in g le  specimen o b ta in e d  from th e  R iv er  Chess a t  
RLckmansworth, H e r t f o r d s h i r e .  I n  a l l  ca ses  b r e a th in g  
u n d e r  a n a e s t h e s i a  was s t ro n g  and subsequen t  reco ve ry  
complete .
Family  C ypr in idae .
P h o x im s  Dho;d.nus ( L . ) .  The Minnow
IC ^.
The background r e v e r s a l  t e s t s  as  u sed  m t h  o th e r  
s p e c ie s  were perform ed on th e  minnow i n  o rd e r  to  compare 
th e  r e s u l t s  o f  t M s  method m t h  th o se  o b ta in e d  micro­
s c o p i c a l l y  by E ea ley  (1951) and shown i n  F ig u re  i k  
(Hogben and Clark i n  an  u n p u b l i s h e d  communication to  
Waring (19^2) s t a t e d  t h a t  changes i n  each d i r e c t i o n  tak e  
one h o u r ) . Both p a l in g  and darken ing  appeared  to  be
complete i n  about  15  m inu te s  a l th o u g h  fa d in g  of  th e  daik
p a t t e r n  t o d i  somewhat l o n g e r .  This  conf irm s t h a t  
m acroscop ic  comparison cannot fo l lo w  th e  l a t e r  s t a g e s  of 
melanophore re sp on se  and t h a t  th e  t r u e  re sp o n se  t im es  a re  
t h e r e f o r e  u n d e r e s t im a te d  by t h i s  method. The f i g u r e s  
g iv e n  f o r  o t h e r  s p e c ie s  i n  t h i s  Chapter can on ly  be ta l ien  
as  an approm m ate  guide to  th e  r a t e  of r e a c t i o n .
Ru . t i lu s  r u t i l u s  ( L . ) .  The Roach.
Many f i s h  7 - 1 2  cm. i n  l e n g t h  were caught i n  May 
from th e  p r im ary  f i l t e r  beds  a t  th e  M e t r o p o l i t a n  Water 
Works, ounbury, by k in d  p e r m is s io n  o f  Mr. R id ley ,  B. 8c. 
A d a p ta t io n  to  background appeared  to  be s i m i l a r  i n  e x t e n t  
t o  t h a t  o f  t h e  minnow b u t  was ach ieved  r a t h e r  more q u ic k ly ,  
talcing on ly  2 - 3  m inu te s  i n  e i t h e r  d i r e c t i o n .
Dr. A. K. Kent found on the  same group o f  f i s h
(u n p ub l ished )  t h a t  an e x t r a c t  o f  roach  p i t u i t a r y  caused 
mel anophore a g g r e g a t io n  i n  dark adap ted  roach  and minnows. 
Thus as  i n  th e  minnow a p re d o m in an t ly  nervous  c o n t r o l
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mechanism may be suppor ted  by humoral c o n t r o l  from th e  
hypophysis .
A n a e s th e s ia  i n  0 .5^ u r e th a n e  fo l low ed  by 0 . 2 5 %  
s o l u t i o n  proved  s a t i s f a c t o r y .  M ic rosco p ic  ex am ina t ion  
showed an even l a y e r  o f  dermal melanophores m t h  rows of 
ep iderm al m elanophores  along th e  m arg ins  of  each s c a le .  
The l a t t e r  formed a r e t i c u l a t e  p a t t e r n  above th e  g en e ra l  
co lo u r  of  th e  sk in .
F o l lo m n g  normal p ro c ed u re  f o u r  f i s h  were t e s t e d  
th e rm a l ly .  A ll  showed some d i s p e r s i o n  a t  h ig h  
t e m p e ra tu r e s ,  t h r e s h o l d s  be in g  30  -  3 2 ^C. , 30  -  3h ^ C . ,
26 -  3 2 ^C. and 3 G -  3 2 ^C. f o r  th e  dermal melanophores  of 
each f i s h .  The f i r s t  f i s h  showed s l i g h t  ep idermal 
re sp o n s e s  a t  26 -  28^ 0 . and th e  f o u r t h  a t  30  -  3 2 ^ 0 . b u t  
i n  th e  o t h e r  two f i s h  th e  ep iderm al m elanophores  showed 
no change. Only i n  the  l a s t  f i s h  t e s t e d  were re spo nses  
complete  as  i n  P h o x i m s . b u t  a l l  re sp o n se s  observed were 
r e v e r s i b l e  and r e p e a t a b l e .  I n  th e  f i r s t  two f i s h  i c e  
produced  no immediate  re sp on se  b u t  a f t e r  i t s  removal 
complete a g g r e g a t io n  o c c u r re d ,  g iv ing  a pe rm anen t ly  p a l e  
r e g io n  which d id  no t  p a r t i c i p a t e  i n  background re sp on ses  
when the  f i s h  l a t e r  re co v e re d .  The o t h e r  two f i s h  
showed s l i g h t  a g g r e g a t io n  f o l l o m n g  th e  removal of  i c e  
b u t  t h i s  was r e v e r s i b l e  a t  room te m p e ra tu re  and no 
permanent damage was caused.
F u r t h e r  expe r im en ts  on f o u r  o t h e r  f i s h  w i th  th e
1C7.
graded  co ld  j e t  a p p a ra tu s  o f  F igu re  11 p roduced  no re sponse  
between l 8 ^C. and 2^ 0 . Thus th e  roach  ap p e a rs  to  show 
r a t h e r  v/eaJc h ig h  te m p era tu re  re sp o n se s  and a dubious l a / /  
t e m p e ra tu re  e f f e c t .  2^ 0. i s  i n s u f f i c i e n t ,  b u t  C^C. may 
cause i r r e v e r s i b l e  damage to  th e  chrom atic  system.
Gobio ?obio  ( L . ) .  The Gudgeon.
S e v e ra l  specimens 1C cm. lo n g  were caught i n  th e  
R iver  Col ne a t  Watford.  A d a p ta t io n  and re sponse  t im es  
appeared  to  be v e r y  s i m i l a r  t o  th o s e  o f  th e  minnow, b u t  
t h e r e  was some i n d i v i d u a l  v a r i a t i o n ,  e s p e c i a l l y  i n  th e  
degree  of  dar^^ a d a p t a t i o n  a t t a i n e d .
Four f i s h  were a n a e s t h e t i s e d  i n  t u r n  by 0 . 5 %  u r e th a n e  
fo l lo w e d  by C.25i^ s o l u t i o n .  The m elanophores  were r a t h e r  
small  m t h  s h o r t  t h i c k  b ra n c h e s .  A l l  were o f  s i m i l a r  
appearance  b u t  t h e y  were a r r a n g e d  more c l o s e l y  around th e  
edge of each s c a l e  and i n  t h e  d a r k e r  p a r t s  of th e  sk in .  
These p a t t e r n  m elanophores  appeared  t o  be u n d e r  s e p a ra te  
c o n t r o l  from th e  ground- co l  our c e l l s  d e s p i t e  t h e i r  
s i m i l a r  ap pea ran ce ,  s in c e  maiked d i f f e r e n c e s  i n  pigment 
d i s p e r s i o n  betw een  th e  two g roups  were sometimes n o t i c e d .
No t e m p e ra tu r e  r e sp o n se s  o f  any k in d  cou ld  be evoked 
d e s p i t e  r e p e a t e d  t e s t s  up t o  and u n d e r  i c e .  A l l
f i s h  r e s p i r e d  s t r o n g l y  and re c o v e re d  co m p le te ly  when 
r e tu r n e d  t o  w a te r .
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Family Ameiuridae.
Ameiums m êlas  (Hafinesque) . One of  th e  N or th  American
C a tf i  sh.
A number of  6 -  7 cm. f i s h  were p u rch ased  from an 
aquariurn dea]_er. The ex trem es of a d a p t a t i o n  were dense 
b la c k  and p a l e  o l i v e - g r e e n .  Darkening was complete i n  
about 30  minu_tes. C on s ide rab le  p a l i n g  o ccu r red  w i t h i n  
1 -  1-2“ hours  of  be ing  p la c e d  on a w hite  background bu t  
a d a p t a t i o n  was no t  complete f o r  a much l o n g e r  p e r io d .
Tliis t ime cannot  be i n d i c a t e d  as  th e  l a t e r  p a l i n g  appeared  
to  be i n f l u e n c e d  by complex f a c t o r s  such as  th e  s i z e  of 
v e s s e l  u se d ,  whether  o r  n o t  t h e  f i s h  were d i s t u r b e d ,  and 
even th e  p r e se n c e  of  o th e r  f i s h  i n  the  v i c i n i t y .  I n  
1 l i t r e  bealvers some i n d i v i d u a l s  never  became f u l l y  p a le  
and even i n  l a r g e  a q u a r i a  th e y  o f t e n  darkened p a r t l y  when 
d i s t u r b e d .  Tliis s p e c ie s  i s  n o rm al ly  s lu g g i s h  by n a tu r e  
when g iv en  a sandy o r  muddy bottom b u t  i n  c l e a n  g l a s s  
tan l is ,  e s p e c i a l l y  w h i te  ones ,  t h e y  appear  t o  be unliappy 
and a r e  c o n t in u o u s ly  a c t i v e .  TMs s t a t e  o f  exc i tem en t  
may i n t e r f e r e  m t h  normal col cur changes.
P a rk e r  ( 193 t^>) and Abramomtz (193?) r e p o r t e d  t h a t  
Ameiurus nebu lo su s  (Le Seur) p a l e s  com ple te ly  i n  3 -  3-^  
hours  and da rkens  i n  one hour .  P a rk e r  d e s c r ib e d  
ex pe r im en ts  d em o n s t ra t in g  nervous  a c t i v i t y  and t M s  was 
confirmed by e l e c t r i c a l  s t i m u l a t i o n  exj)er im e n t s by
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Wykes (1938) .  Parker* s expe r im en ts  in v o lv in g  e h ra i ia t ic  
ne rve  s e c t i o n  i n  t M s  f i s h  p ro v id e  a g r e a t  d ea l  of  th e  
a v a i l a b l e  ev id en ce  f o r  double i n n e r v a t i o n  of m elanophores 
( d i s c u s s e d  i n  Chapter  V). U n f o r tu n a t e l y  th e  same s p e c ie s  
could  no t  be o b ta in e d  i n  t M s  coun try .
0 . 5 %  u r e th a n e  fo l low ed  by 0 . 2 5 %  s o l u t i o n  proved 
s a t i s f a c t o r y  f o r  a n a e s t h e t i s a t i o n .  The m a j o r i t y  of th e  
melanophores  were ex t rem e ly  smaJ.l and even ly  d i s t r i b u t e d  
i n  th e  e p id e rm is .  Some l a r g e r  melanop^hores  were 
observed  i n  an i r i d e s c e n t  dermal l a y e r .  No re sp o n se s  
to  co o l in g  by i c e  o r  to  warming to  3 ô^C. could  be o b ta in ed  
i n  any of th e s e  f i s h .
Order M ic ro c y p r in i .
Family P o e c i l i d a e .
L e b i s t e s  r e t i c u l a t u s  ( P e t e r s )  Regan. The Guppy.
Four fem ale  f i s h ,  about h  cm. lo n g ,  " were o b ta in e d  
from an a q u a r i s t .  A l l  were f u l l y  grown and g ra v id .
The f i s h  were i s o l a t e d  i n  1 l i t r e  b e a k e rs  wMch were 
t r a n s f e r r e d  betw een  a wM te therm osta t ta idc  and a b lack  
one. Both b a t h s  were m a in ta in e d  a t  2 5  -  27^0. t o  wMch 
te m p e ra tu re  th e  f i s h  were accustcmed. A d a p ta t io n  was 
marked a l th o u g h  a dark mesh p a t t e r n  o u t l i n i n g  th e  l a r g e  
s c a l e s  was d i s t i n c t  a t  a l l  t im e s  ( a s  i n d i c a t e d  by th e  
s p e c i f i c  name). During th e  exper im en ts  one f i s h  gave 
b i r t h  to  about tw enty  young wMch im m ed ia te ly  began to
l i e .
change c o lo u r  i n  re sponse  to  th e  background. Micro­
s c o p ic a l  examinat i o n  o f  th e s e  baby f i s h  i n  a P e t r i  d i s h  
showed t h e i r  re sponse  t im es  to  be s i m i l a r  to  th o se  of 
th e  a d u l t s .
This  i s  th e  t l i i r d  s p e c ie s  s tu d ie d  by N e i l l  (I9h0) 
and h i s  r e s u l t s  taJcen a t  l6^C. (F ig u re  15) show a v e ry  
s l i g h t  b u t  p r o t r a c t e d  l a t e  da rken ing  phase .  Apart  from 
t l i i s  th e  r e s u . l t s  a r e  co n f i rm a to ry ;  complete p a l i n g  was 
e s t im a te d  to  t a k e  5 m in u tes  and darken ing  about 8 -  1C 
m in u te s .  Nervous c o n t r o l  o f  th e  m elanophores  was 
e s t a b l i s h e d  by N e i l l  on th e  b a s i s  of  e l e c t r i c a l  
e x c i t a t i  on.
For th e  te m p e ra tu re  t e s t s  a small roan  was warmed to  
2o^C. t o g e t h e r  m t h  th e  a n a e s t h e t i c  s o l u t i o n s .  1 %  
u r e th a n e  was r e q u i r e d  to  produce  a cana b u t  0 . 2 5 %  s o l u t i o n  
m a in ta in e d  t h i s  s t a t e  s a t i s f a c t o r i l y .  The melanophores  
were small i n  the  c e n t r e  o f  each  s c a le  m t h  a l i n e  of 
l a r g e r  ones p e r i p h e r a l l y .  Tliis l i n e  c o n s i s t e d  o f  a 
s i n g l e  row on th e  s id e s  of  th e  f i s h  b u t  d o r s a l l y  i t  was 
two o r  t h r e e  c e l l s  wide. The s k in  and f l e s h  were
t r a n s l u c e n t ,  g iv in g  a s t r a n g e  appearance  to  th e  p a l e  f i s h .
Nigh t e m p e ra tu re s  p roduced  a lm ost  complete  pigment 
d i s p e r s i o n  i n  a l l  m elanophores  o f  each f i s h .  T hresho ld  
t e m p e ra tu r e s ,  as  expec ted  f o r  a t r o p i c a l  f i s h ,  were r a t h e r  
h ig h ,  b e ing  38  -  ^O^C., 36  -  ^O^C. , 3 2 - 3 8  C and 36 -  C. 
r e s p e c t i v e l y .  These r e sp o n s e s  were l o c a l ,  f u l l y
I l l
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r e v e r s i b l e  and r e p e a t a b l e .  Small p i e c e s  of i c e  were l a i d  
upon th e  t a i l  f o r  a s h o r t  t ime only, b u t  a l l  produced 
pronœ.nced a g g r e g a t io n  which was fu . l ly  r e v e r s i b l e  a t  2 6 ^0 . 
I n  one case  a g g r e g a t io n  was complete f o r  th e  p a t t e r n  
melanophores  on ly  b u t  i n  a n o th e r  a l l  melanophores  gave th e  
ma:d.mal re sp o n se .  These t e s t s  were no t  r e p e a te d  f o r  f e a r  
of i n j u r i n g  th e  f i s h .  The te m p e ra tu re  re sp o n se s  observed 
were i n  ev e ry  way s i m i l a r  to  th o se  o f  F h o j d m s .
Family C yprinodon t idae .
Fu.ndulus h e t e r o c l i t u s  ( L . ) .  The K i l l i f i s h .
Notes from th e  l i t e r a t u r e .
P a rk e r  (19^8) s t a t e s  t h a t  p a l i n g  occu rs  i n  one m inute  
and darken ing  i n  two m inu te s ;  P i e r c e  (19^1) r e p o r t s  th e s e  
t im e s  t o  be ^5 seconds and one m inute  r e s p e c t i v e l y ,  w hi le  
Smith and Smith (1935) say bo th  re sp o n se s  t a k e  3 -  ^  
m in u te s .  H i l l ,  P a rk in s o n  and Sol and t  (1935) measured 
th e  r a t e  o f  colou.r change p h o t o e l e c t r i c a l l y  and found 
t h a t  p a l i n g  and darken ing  occup ied  th e  same o v e r a l l  t ime 
b u t  t h a t  t h e  i n i t i a l  s t a g e s  of  e i t h e r  could  be q u ic k e r  
t h a n  the  o t h e r .  T o ta l  re sp on se  t im es  v a r i e d  from 
seconds a t  25 -  3G°C. to  more th a n  60 seconds a t  1 1 .5  C. 
Cole and S c h a e f f e r  (1936, 1937) s a id  t h a t  i n  s e a -w a te r  
p a l i n g  o ccu rs  2 .8  t im es  more r a p i d l y  t h a n  da rken ing .
I n  f r e s h - w a t e r  p a l i n g  was s l i g h t l y  s lower th a n  darken ing  
and b o th  r e a c t i o n s  were much s lower th a n  i n  s e a -w a te r  of
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th e  same te m p e ra tu re .  M i l l s  (1932, v id e  P a rk e r ,  1948) 
cla imed t o  have dem ons tra ted  th e  p re se n ce  of bo th  
a g g re g a t in g  and d i s p e r s i n g  nerve  f i b r e s  i n  t l r i s  s p e c ie s  
on th e  b a s i s  o f  nerve  s e c t i o n  exper im en ts  ( s e e  Chapter V). 
The k i l l i f i s h  seems t o  be th e  a n t i t h e s i s  of A n g u i l la  
s in c e  humoral c o n t r o l  has  been  shown to  be v e ry  weak 
(Mathews, 1933) • The exp e r im en ts  o f  Smith (1928) on th e  
tem p e ra tu re  re sp o n se s  of  t h i s  s p e c ie s  have been  f u l l y  
d e s c r ib e d  i n  C hapter  Id .
Order A n a c a n tM n i .
Family  Gadidae.
P o l lach j lu s  n o l l a c h i u s  L. , The P o l l a c k .
Four i n d i v i d u a l s ^  12 -  19 cm. i n  l e n g t h ,  were caught 
on rod and l i n e  by members of th e  Plymouth Angling S o c ie ty .  
A l l  were k e p t  f o r  a few days i n  running s e a -w a te r  and 
appeared  none th e  worse f o r  t h e i r  t r e a tm e n t .  Colour 
changes were marked. On a w h i te  background t h i s  f i s h  
became o l i v e - g r e e n  d o r s a l l y  w i th  b lu e  i r i d e s c e n t  p a tc h e s  
a long  th e  back. IVhen d a r k -a d a p te d  th e  f i s h  were dark 
brown i n  c o lo u r  and th e  i r i d e s c e n t  p a tc h e s  were obscured.  
Changes i n  e i t h e r  d i r e c t i o n  were c a n p le te d  i n  about t h r e e  
m inu te s .
A n a e s th e s ia  was o b ta in e d  by a 1% s o l u t i o n  of  
u r e th a n e  i n  s e a -w a te r ,  fo l lo w ed  by a s i m i l a r  0.2%^ 
s o l u t i o n .  Th is  produced some darken ing  o f  th e  f i s h .
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R e s p i r a t o r y  movements were s t ro n g  and su.bsequent re co v e ry  
i n  running s e a -w a te r  was complete i n  about 30  m inu tes .  
D o r s a l ly  the  melanophores were so crowded t h a t  they  were 
d i f f i c u l t  to  d i s t i n g u i s h  i n d i v i d u a l l y  i n  th e  dark f i s h .  
There appeared  to  be a t  l e a s t  two ty p e s  p r e s e n t ,  small 
‘ chunky' dermal melanophores  and l a r g e  ' s t r a g g l y '  
ep iderm al ones m t h  few b ra n ch es .  L a t e r a l l y  over a 
s i l v e r y  r e f l e c t i v e  l a y e r  were found l a r g e ,  w e l l  spaced 
m elanophores .  P a tc h e s  of  e r y th ro p h o re s  were a l s o  
observed  and o t h e r  t y p e s  of  melanophore may w e l l  be 
p r e s e n t .
No chromatophore re sp o n se s  could  be o b ta in e d  i n  any 
r e g io n  by warming to  35^0. o r  by c h i l l i n g  w i th  s e a -w a te r  
i  ce.
Exper im ents  were a l s o  a t tem p ted  w i th  th e  r e l a t e d  
s p e c ie s  Gadus l u s c u s  L. , th e  P o u t ing  o r  Bib. This  
f i s h  showed r a p id  c o lo u r  changes i n  th e  tanlrs  of  the  
P u b l i c  Aquarium b u t  f r e s h l y  caught  specimens proved 
ex trem e ly  d i f f i c u l t  to  keep a l i v e .  A few su rv iv ed  f o r  
a few days b u t  none of  them m t h s t o o d  th e  h an d l in g  
n e c e s s a ry  f o r  th e  background r e v e r s a l  exper im en ts .
Cnos m u s te lu s  ( L . ) .  The f iv e - b e a r d e d  Rockling.
Five specimens, 10 -  I 3 cm. i n  l e n g t h  were p rov ided  
a t  Plymouth. When p la c e d  i n d i v i d u a l l y  i n  l a r g e  j a r s  
upon b la c k  o r  w h i te  backgrounds no a d a p t a t i o n  cou ld  be
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d e t e c t e d  a f t e r  s e v e ra l  h o u rs ,  and s l i g h t  i n d i v i d u a l  
v a r i a t i o n s  of  c o lo u r  were m a in ta in e d .  At a l a t e r  d a te  
m ic ro sc o p ic  o b s e r v a t io n s  by Dr. Kent r e v e a le d  v e ry  
s l i g h t  changes i n  two specimens a f t e r  s e v e ra l  days on 
d i f f e r e n t  backgrounds .  On b la c k  th e  mel anophore in d ex  
was 5 .0  ( f u l l y  d i s p e r s e d )  and on wliite a p a tc h y  
v a r i a t i o n  between 4 .0  and 5 .0 .
Coma was s low ly  induced  i n  a 1^ s o l u t i o n  of u r e th a n e  
i n  s e a -w a te r  and m a in ta in e d  by a 0.25^ s o l u t i o n .  The 
m elanophores  were seen to  form a v e ry  dense l a y e r  of 
p igment i n  th e  dermis b u t  o c c a s io n a l  ' s t r a g g l y '  
m elanophores  were found i n  th e  ep ide rm is .  No change i n  
e i t h e r  m ic ro sc o p ic  o r  m acroscop ic  appearance  could be 
d e t e c t e d  a t  t e m p e ra tu r e s  up to  3^^8. o r  when c h i l l e d  w i th  
i c e .
One f i s h ,  on re c o v e ry  i n  s e a -w a te r ,  became a p a l e  
m o t t l e d  red  c o lo u r  f o r  s e v e r a l  hours  a l th o u g h  th e  o th e r  
f i s h e s  were u n a f f e c t e d .  M ic ro sc o p ic a l  exam ina t ion  of 
t h i s  f i s h  showed, t h a t  a l l  t h e  melanophores  were almost 
com ple te ly  ag g re g a te d ,  r e v e a l i n g  a l i g h t  brown ground 
c o lo u r  w i th  some e r y th r o p h o re s .  Temperature t e s t s  were 
r e p e a te d  on th e  f i s h  i n  t h i s  s t a t e  b u t  no re sp o n ses  
could  be o b ta in e d .  L a t e r  i t  was found t h a t  th e  
c o n d i t i o n  can be produced by i n j e c t i o n s  of  p i t u i t a r y  
e x t r a c t  (from Gadus lu s c u s )  and Dr. Kent (unpub l ished )  
has  conf irm ed t h a t  th e  s p e c ie s  i s  v e ry  s e n s i t i v e  to  a c id
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e x t r a c t s  of p i t u i t a r y  from P le u r o n e c te s  p l a t e s s a . Thus 
th e  melanophores  a r e  p h y s i o l o g i c a l l y  a c t i v e  and th e  f i s h  
ap p ears  t o  p o s s e s s  a s u i t a b l e  a c t i v a t i n g  agen t  a l th o u g h  
t h i s  i s  h a r d ly  u sed  f o r  background a d a p ta t i o n .
L a t e r  one p a l e  f i s h  was s p in a l  s e c t io n e d  a t  an 
a n t e r i o r  l e v e l  b u t  no f u r t h e r  d a r k e n i n g  ensued. P o s t  
mortem ex a m ina t ion  showed complete s e c t i o n  between th e  
2nd and 3 I'd v e r t e b r a e .  I t  s e e m s  f a i r l y  c e r t a i n  t h a t  
ch rom atic  ne rv es  do no t  e x i s t  i n  t l i i s  s p e c ie s .
Order Bericomorpli i .
Family  l io lo c e n t r id a e .
H o lo ce n tru s  a s c e n s i o n a l i s  (Gsbeck).  The S q u i r r e l  F i sh .
Notes from th e  l i t e r a t u r e .
Smith and Smith (1935) r e p o r t  t h a t  t h i s  s p e c ie s  
e f f e c t s  c o lo u r  changes m a in ly  by th e  a c t i o n  of e r y th ro p h o re s  
On a b lack  background th e  f i s h  becomes b r i g h t  red  and on a 
w hite  background v e ry  p a l e .  Changes a re  ex trem e ly  r a p id ,  
p a l i n g  be in g  complete i n  f i v e  seconds w hile  darken ing  
ta l ies  t e n  seconds.  P a rk e r  (1948) r e p o r t s  t h e s e  t im es  as 
4 . 5  -  8 . 5  seconds and l 6 . 5 -  2 2 .0  seconds r e s p e c t i v e l y .
This  ev idence  o f  nervous  c o n t r o l  was s u p p o r t e d  by th e  
e a r l i e r  workers  by nerve  s e c t i o n  e x p e r i m e n t s ,  s in ce  
d en e rv a ted  a r e a s  became dark red .  P e r i p h e r a l  s e c t i o n  
i n  th e  s k in  was r e p a i r e d  by r e g e n e r a t i o n  i n  10  -  15 days. 
A f t e r  autonomic c h a in  s e c t i o n  normal f u n c t i o n  was r e s t o r e d
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rem arkably  q u i c k ly  and i t  was b e l i e v e d  t h a t  an a l t e r n a t i v e  
pathway became e s t a b l i s h e d  s in c e  r e g e n e r a t i o n  d id  not  occur  
a t  t i l l s  s i t e .  The a u th o r s  m a in t a in  t h a t  th e  chrom atic  
t r a c t s  f o l lo w  th e  same p a th s  as  th e  mel anophore motor 
f i b r e s  i n  Phoxinus (F ig u re  l a ) .
A j e t  o f  s e a -w a te r  a t  35°C. produced s t ro n g  l o c a l  
redden ing  of  th e  i n t a c t  f i s h  b u t  d en e rv a ted  re g io n s  were 
p a le d .  C onverse ly  a co ld  j e t  ( t e m p e ra tu re  no t  s t a t e d )  
p a le d  normal f i s h  b u t  reddened d en e rv a ted  ones.
Xanthophore re sp o n se s  were s a id  t o  be s i m i l a r  b u t  more 
s lu g g i s h .  Thus th e  te m p e ra tu re  response  was shown to  
be e x a c t ly  th e  same as f o r  the  melanophores  of Fundulus .
The a u th o r s  a l s o  s t a t e  t h a t  s i m i l a r  re sp o n se s  could  no t  
be o b ta in e d  from th e  e ry th r o p h o re s  of Phoxinus o r  of 
T r i v i a  snn . Tliis can be conf irm ed f o r  Phoxinus and 
G ie r sb e rg  ( 1 9 3 0  s t a t e s  t h a t  t h e  e ry th ro p h o re s  and 
x an tho ph o re s  of  t h i s  f i s h  a r e  s u b j e c t  on ly  to  humoral 
c o n t r o l .  V .  F r i s c h  (1912) however m a in ta in e d  t h a t  
te m p e ra tu re  re sp o n se s  a r e  shown by the  i n n e r v a te d  
e r y th r o p h o re s  o f  Trigtla  l i n e  a t  a and T. c o ra x .
Order Percomorphi.
Family S p a r id ae .
Pag: e l  l u s  c e n t ro d o n tu s  (de  l a  Roche) . The Common Sea-bream.
A s i n g l e  17 cm. specimen was o b ta in e d  a t  Plymouth.
On a w h i te  background i t  became l i g h t  brown w i th  a f a i n t
1 1 8 .
s t r i p e d  p a t t e r n  d o r s a l l y ,  shading l a t e r a l l y  to  a s i l v e r  
b e l l y .  I n  a b la c k  tank th e  f i s h  became a lm ost  b lack  
d o r s a l l y  m t h  no p a t t e r n  v i s i b l e ,  while  th e  s id e s  assumed 
a graded dark brown co lo u r .  Changes between extremes 
appeared  to  be accomplished i n  l e s s  th a n  t h r e e  m inu tes  
i n  e i t h e r  d i r e c t i o n .
A n a e s th e t i  s a t i o n  i n  1% u r e th a n e  s o l u t i o n  i n  s e a -w a te r  
was slow and d i f f i c u l t  t o  c o n t r o l  when l a t e r  m a in ta in ed  
u n d e r  Q>.2 5%  s o l u t i o n .  At l e a s t  two ty p e s  of  mel anophore 
were p r e s e n t ;  ' s t r a g g l y '  ones w i th  a few t h i n  b ranches  
and ' chunlcy' ones w ith  s h o r t e r ,  t h i c k e r  b ra n ch es .  A ll  
th e  melanophores  were f a i r l y  l a r g e  and spaced w ell  a p a r t  
so t h a t  o b s e r v a t io n  was easy .  High te m p e ra tu re  re sp on ses  
were shovm by a l l  melanophores  between 22 -  28^C. and sea­
w a te r  i c e  p roduced  a g g r e g a t io n .  VJhen r e s p i r a t o r y  move­
ments  s topped  u n d e r  u r e th a n e  no f u r t h e r  r e sp o n se s  were 
o b ta in e d .  The f i s h  d ied  some time l a t e r  and no more 
specimens could  be o b ta in e d  due to  th e  J a n u a ry  g a le s .
Family C e n t ra rc h id a e .
Bupomotis m b b o su s  L. The North American S unf ish .
Two specimens (one male and one female) were o b ta in e d  
from an aquarium d e a l e r  and k e p t  as  p e t s  f o r  some y e a r s .
At th e  time o f  t e s t i n g  each was about 9 cm. i n  l e n g th .
On a w h ite  background th e  f i s h  e x h i b i t e d  a l i g h t  b r o w  
r e t i c u l a r  p a t t e r n ,  shaded d o r s o v e n t r a l l y ,  m t h  a number of
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r a t h e r  d a r k e r  v e r t i c a l  s t r i p e s  on th e  back. On a b lack  
background t h i s  p a t t e r n  was a lm ost  com ple te ly  obscured by 
a un ifo rm  b la c k  colcu.r d o r s a l l y  shading to  a s i l v e r  b e l l y .  
R eversa l  was accom plished  m t h  g r e a t  r a p i d i t y ;  th e  
changes appeared  to  be complete  i n  3 - 4  m inu te s  b u t  t h e i r  
m a jo r  p a r t  was accom plished i n  3 C seconds.
Both f i s h  were ex trem e ly  r e s i s t a n t  to  u r e th a n e ,  
r e q u i r i n g  more t h a n  20 m in u te s  i n  a i f o  s o l u t i o n  to  become 
q u ie s c e n t .  V-Jhen p la c e d  on th e  wax d i s h  m t h  an o r a l  
supply  of  0 . 25^ u r e th a n e  b o th  l a y  q u i e t l y  and b re a th e d  
s t r o n g l y .  The r e t i c u l a r  p a t t e r n  was seen  to  be formed 
by a group o f  m elanophores  a t  th e  c e n t r e  o f  each s c a le .
The edges of  th e  l a r g e  s c a l e s  were f r e e  o f  melanophores 
and a few s c a l e s  (randomly s i t e d )  were co m ple te ly  f r e e  
from m elanophores .  Beneath  th e  s c a l e s  t h e r e  was a u n ifo rm  
l a y e r  o f  d e n s e ly  packed i r i d e s c e n t  g r a n u le s  which d id  no t  
appear  to  be co n f in e d  to  i r i d o p h o r e  c e l l s .  The whole 
p a t t e r n  was th u s  th e  r e v e r s e  of  t h a t  observed  i n  
C re n i l a b ru s  meloos ( see b e lo w ) .
No chrom atic  re sp o n se s  cou ld  be o b ta in e d  a t  
t e m p e ra tu re s  up t o  3 5 ^ C . , o r  u n d e r  i c e ,  o r  a f t e r  removing 
th e  i c e .  The t e s t s  were th o ro u g h ly  r e p e a te d  and confirmed. 
Both  f i s h  re c o v e re d  co m p le te ly  on r e t u r n  to  t h e i r  tan k s .
Family  L a b r id a e .
Labrus  b e r ^ y l t a . A scan ius .  The 3 a i l  an  Wrasse.
1 2 0 .
Two immature specimens 7 cm. and 10  cm. i n  l e n g t h  were 
o b ta in e d  a t  Plyraouth. Both were u n i fo rm ly  dark g reen  i n  
c o lo u r  d o r s a l l y  and background a d a p t a t i o n  was s l i g h t .  
Changes appeared  to  occur  f o r  about 15 m inu te s  b u t  a c c u r a te  
e s t i m a t e s  were im p o s s ib le  due to  th e  weakness of  th e  
r e sp on se .  U re th an e  a n a e s t h e s i a  was u se d  as f o r  o t h e r  
small f i s h e s .  The m elanophores  appeared  to  be of  one 
ty p e ,  u n i fo rm ly  s c a t t e r e d  b u t  a t  v a ry in g  d ep th s  i n  th e  
sk in .  The chromatophores  of  t h i s  s p e c ie s  were d e sc r ib e d  
by Pouchet  ( 1 8 7 6 ) . No re sp o n se s  to  te m p e ra tu re  could 
be o b ta in e d  up to  35^0. o r  u n d e r  s e a -w a te r  i c e .  L a t e r  
b o th  f i s h  were s u c c e s s f u l l y  s p i n a l - s e c t i o n e d  a t  an 
a n t e r i o r  l e v e l .  This  produced  immediate darken ing  i n  
b o th  ca se s  b u t  n e i t h e r  f i s h  su rv iv ed  more th a n  a few 
h o u rs .  I t  i s  p ro b a b le  t h a t  some degree o f  nervous 
c o n t r o l  e x i s t s  i n  t h i s  s p e c ie s  d e s p i t e  the. b a r e l y  
p e r c e p t i b l e  background a d a p ta t i o n .  Experim ents  on a d u l t  
f i s h  which p o s s e s s  d i f f e r e n t  c o lo u r in g  and p a t t e r n  might 
be i n t e r e s t i n g .
C re n i l a b ru s  m elons . (L. ) .  The Corkmng Wrasse.
Four small  specimens were o b ta in ed  a t  Plymouth, two 
11 cm. long  and two 7 cm. lo n g .  On a wliite background 
th e s e  f i s h  showed a d e l i c a t e  l i g h t - g r e e n  and sandy-brown 
p a t t e r n  which was a lm ost  obscured  by b la c k  when dark- 
adap ted .  The marked a d a p t iv e  s t a t e s  could be r e v e r s e d
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i n  5 m in u te s .  The f i s h  were a n a e s t h e t i s e d  as b e fo re  i n  
and 0.25^ u r e th a n e .  Each s c a le  had a t  i t s  c e n t r e  a
p a tc h  of i r i d c p h o r e s  and th e  su rround ing  m elanophores ,  
which may obscure  them when d i s p e r s e d ,  were e a s i l y  
observed.  Other melanophores  a t  deeper  l e v e l s  were 
d i f f i c u l t  t o  d i s t i n g u i s h  i n  o u t l i n e .
A ll  sup e r f  i  cia]_ melanophores  showed c a n p le te  d i s ­
p e r s i o n  i n  each f i s h  a t  liigh t e m p e ra tu re s ,  th e  measured
t h r e s h o l d s  b e ing  20 -  2 6 ^0 . , l 8  -  22^0. , l 8  -  2 6^ 0. and 
o
22 -  26 C. r e s p e c t i v e l y .  The re spo nses  were s t r i c t l y  
l o c a l ,  r e v e r s i b l e  and f u l l y  r e p e a t a b l e .  The deeper  
m elanophores  appeared  to  be u n re s p o n s iv e .  Responses t o  
low te m p e ra tu r e s  a re  d e s c r ib e d  i n  Chapter I l l f .
C re n i la b ru s  nav o . Brunn. Notes from th e  l i t e r a t u r e .
V.  F r i s c h  (1912) s t a t e d  t h a t  tem p e ra tu re  re sp o n ses  
shown by t h i s  M e d i te r r a n e a n  s p e c ie s  were s i m i l a r  t o  th o s e  
of  th e  minnow. The d i r e c t i o n  of th e  r e a c t i o n s  was 
r e v e r s e d  when th e  ch rom atic  motor t r a c t s  were i n t e r r u p t e d ,
C ten o lab rus  r u n e s t r i s  ( L . ) .  The Rock Wrasse or
Gold Ginny.
Four specimens, 5 - 1 0  cm. i n  l e n g t h ,  were o b ta in ed  
a t  Plymouth. On a w h i te  background a l l  became a 
d e l i c a t e  p e a r ly - p i i i c  c o lo u r  b u t  on a b lack  background 
t h e r e  was c o n s id e r a b l e  i n d i v i d u a l  v a r i a t i o n  i n  th e  co lo u r
1 2 2 ,
a t t a i n e d .  Each f i s h  darkened t o  a g r e a t e r  or l e s s e r  
e x t e n t  and i n  t h r e e  specimens a number of b road  v e r t i c a l  
b a r s  of d a r k e r  co l  cur became v i s i b l e .  These changes,  
w h i le  c l e a r  t o  th e  eye, d id  no t  in v o lv e  darken ing  beyond 
a 'kha]ci ' c o lo u r .  M ic ro s c o p ic a l  ex am ina t ion  u n d e r  
u r e th a n e  a n a e s t h e s i a  showed t h a t  th e  m elanophores  were 
even ly  b u t  s p a r i n g l y  d i s t r i b u t e d  above a p ink  r e f l e c t i n g  
l a y e r  and were more numberous i n  the  d a rk e r  i n d i v i d u a l s .  
E ry th ro p h o re s  outnumbered melanophores  by about two to  one. 
Changes i n  c o lo u r  were completed i n  about t h r e e  m inu te s  i n  
e i t h e r  d i r e c t i o n .
Temperature  re sp o n se s  were observed i n  a l l  
m elanophores  b u t  no t  i n  th e  e r y th r o p h o re s .  High 
te m p e ra tu re  re sp o n se s  o c c u r re d  a t  22 -  28^ C . , l 8 -  22^ C . ,
O ; O
2 C -  26 C. and I 8 -  24 C. Again i t  was found t h a t  no 
r e sp o n s e s  could  be o b ta in e d  du r ing  su sp en s io n  of 
r e s p i r a t o r y  movements a l th o u g h  normal re sp o n se s  r e tu r n e d  
on r e s u s c i t a t i o n .  A p p l i c a t i o n  of  s e a -w a te r  i c e  f o r  a 
few m inu tes  p roduced  an u n u su a l  response ;  th e  b ran ch es  
o f  each mel anophore m a in ta in e d  t h e i r  fo rm er  e x te n t  
a l th o u g h  some pigment appeared  to  be withdrawn even ly  i n  
each c e l l .  Some seconds a f t e r  th e  removal o f  th e  i c e ,  
however, com plete  melanophore a g g r e g a t io n  o cc u r red .
Tliis was r e v e r s i b l e  on f u r t h e r  approaching  room 
te m p e ra tu re .  The sequence was observed i n  each of th e  
f o u r  f i s h  t e s t e d .  The phenomenon was f u r t h e r  i n v e s t i g a t e d
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as  d e s c r ib e d  i n  Chapter I l l f  and two p o s s i b l e  e x p la n a t io n s  
a r e  p u t  fo rw ard  i n  Chapter I l l g .
Family  G obiidae .
Gjpbius f l a v e s c e n s  F a b r i c i u s  (=G. ru . th ensn a r r i  S u p h ra sen ) .
The S p o t te d  Goby.
Six  specimens, each 5 cm. lo n g ,  were o b ta ined  a t  
Plymouth. U n l ik e  most members o f  th e  f a m i ly  t h i s  s p e c ie s  
swims a c t i v e l y  i n  the  w a te r  and seldom r e s t s  on th e  
bottom. Colour r e v e r s a l  i s  a l s o  q u ic k e r  th a n  i n  most
g o b ie s .  F M t e - a d a p t a t i o n  o ccu rred  i n  2 -  3 m inu tes  and
d a r k -a d a p t  a t i  on i n  3 -  4  m in u te s  m t h  s l i g h t  i n d i v i d u a l  
v a r i a t i o n .  Changes were maiked i n  e x t e n t  by almost 
complete  f a d in g  o r  i n t e n s i f i c a t i o n  of th e  complex b u t  
v e r y  a t t r a c t i v e  p a t t e r n .  M ic ro s c o p ic a l  exam ina t ion  
u n d e r  u re thane  showed t h a t  a t  l e a s t  f o u r  ty p e s  of 
melanophore were p r e s e n t : -
1 . l a r g e  ep iderm al c e l l s  on th e  dark sadd le -m ark ings  
and around th e  edge of  each s c a le ;
2. small ep iderm al  m elanophores  v e n t r a l l y  and l a t e r a l l y ;
3 . l a r g e  ep iderm al  m elanophores  g e n e r a l l y  d i s t r i b u t e d  
on the  back; and
4. v e ry  l a r g e  dermal c e l l s  on th e  s id e s  and back.
Under u r e th a n e  th e  f i s h  darkened c o n s id e r a b ly ,  m ain ly  by 
complete d i s p e r s i o n  o f  ty p e  (1) and th e s e  melanophores 
remained u n re sp o n s iv e  to  te m p e ra tu re  changes.  On r a i s i n g
12h .
t h e  tem p e ra tu re  th e  o t h e r  groups d i s p e r s e d  t h e i r  pigment
i n  t u r n  u n t i l  complete darken ing  o ccu rred  a t  2'+°C. A ll
o
re co v e re d  i n  t u r n  by 17 C. and th e  re sponse  was com p le te ly  
r e v e r s i b l e .  I c e  produced c o n s id e r a b le  a g g r e g a t io n  i n  
ty p e s  (3) and (4) on ly .  The small m elanophores  were 
u n a f f e c t e d  b u t  a p a le  r e g io n  was e a s i l y  d i s t i n g u i s h a b l e  
m a c r o s c o p ic a l ly .  The e f f e c t  was s lowly  r e v e r s e d  on
b e ing  a l lowed to  r e t u r n  to  room tem p e ra tu re .  A ll  f o u r  
f i s h  t e s t e d  showed rem arkable  con fo rm ity  of  re sp o n se ,  even 
to  th e  t e m p e ra tu r e s  in v o lv e d ,  and a l l  re co v e red  com ple te ly  
when r e p la c e d  i n  s ea -w a te r .
Gobius mi nil t u s  P a l l a s .  The Common Goby.
Six  f i s h ,  5 - 6  cm. i n  l e n g t h ,  were o b ta in e d  a t  
Plymouth. Only v e ry  s l i g h t ,  qu ick  colou.r changes could  
be d i s t i n g u i s h e d  and no f u r t h e r  a d a p ta t i o n  o ccu rred  a f t e r  
p ro longed  exposure  to  e i t h e r  background. Dr. Kent 
(un pu b l ish ed )  i n  A p r i l  o f  th e  fo l lo w in g  y e a r  r e p o r te d  
t h a t  d i s t i n c t  changes were v i s i b l e  m ic ro sco p ica ] . ly ,  t a k in g  
20 m inu te s  to  d a rk en  and 45 -  60 m inu te s  t o  p a l e .  
Exam inat ion  u n d e r  u r e th a n e  a n a e s t h e s i a  and 0.25^) 
showed th e  m elanophores  to  be v e ry  v a r i a b l e  i n  s i z e  and 
degree  of  d i s p e r s i o n .  No te m p e ra tu re  re sp o n se s  could be 
observed  i n  any melanophores  up to  3C^C. o r  u n d e r  sea­
w a te r  i c e .  The f i s h  w i th s to o d  t h i s  t r e a tm e n t  w e l l  and 
re co v e re d  v e ry  q u ic k ly  i n  s e a -w a te r .
1 2 ^ .
L a t e r  two f i s h  were s p i n a l - s e c t i  oned a n t e r i o r l y  and 
showed extreme darken ing  which p e r s i s t e d  f o r  s e v e ra l  days 
on a w hite  background, i n  marked c o n t r a s t  t o  u no p era ted  
f i s h  on a b la c k  background. P o s t  mortem d i s s e c t i o n  
conf irm ed  complete  s e c t i o n  of  th e  s p in a l  cord  between th e  
2nd and 3rd  v e r t e b r a e  i n  each case .  I t  t h u s  seems l i k e l y  
t h a t  melanophore m o to r -n e rv e s  a r e  p r e s e n t  b u t  th e  l a c k  of 
marked background a d a p t a t i o n  a t  t h a t  t ime i s  p u z z l in g .
Family C al l ionym idae .
C a l l i o n m u s  I v r a  L. The Drag onet .
Twelve specimens were made a v a i l a b l e  a t  Plymouth; 
s i x  were immature f i s h  6 - 9  cm. i n  l e n g t h ,  two were a d u l t  
fem ales  l 8  cm. lo n g  and f o u r  were a d u l t  m ales  22 cm. lo n g .  
Although random f l u c t u a t i o n s  i n  i n t e n s i t y  of  p a t t e r n  
o c c u r re d ,  no re sp o n se s  t o  background co lo u r  could  be 
d i s t i n g u i s h e d  i n  any of  t h e s e  f i s h .  S p in a l  s e c t i o n  a t  
an a n t e r i o r  l e v e l  i n  two o f  th e  s m a l le r  specimens produced 
no da rken in g .
Tliis s p e c ie s  was i n v e s t i g a t e d  by Fouchet  ( I 876 ) who 
f i g u r e s  dark and l i g h t - a d a p t e d  specimens and a l s o  dark 
p a t c h e s  p roduced  by s e c t i o n  of each b ran ch  of  th e  
t r i g e m i n a l  ne rve .  The absence  o f  a d a p t a t i o n  i n  the  
Plymouth f i s h e s  was l a t e r  confirmed by Dr. Kent (un­
p u b l i sh ed )  who a l s o  r e p o r t e d  no response  t o  p e r i p h e r a l  
ne rve  s e c t i o n  o r  t o  l a r g e  doses  of p i t u i t a r y  e x t r a c t s
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from o t h e r  t e l e o s t s .  Perhaps  marlced g e o g ra p h ic a l  
d i f f e r e n c e s  e x i s t  m t h i n  th e  s p e c ie s  and a i j id e r  survey  of 
th e  ch rom atic  re sp o n se s  would be i n t e r e s t i n g .
A ll  s i x  specimens were examined f o r  temperatu.re 
re sp o n se s  u n d e r  u r e th a n e .  Temperatures  up t o  3 6 ^ 0 . and 
co o l in g  by s e a -w a te r  i c e  produced no e f f e c t  i n  any 
m elanophores .  R e s p i r a to r y  movements were s t ro n g  and a l l  
t h e  f i s h  re c o v e re d  q u ic k ly  i n  s ea -w a te r .
Family  E le n n id a e .
B le n n iu s  g a t t o r u ^ i n e  L. The Tompot Blenny.
A s i n g l e  12 cm. specimen o b ta in ed  a t  Plymouth, 
showed a v e ry  c l e a r l y  d e f in e d  p a t t e r n  of  l a r g e  brov/n 
m ark ings .  On b la c k  backgrounds th e  whole f i s h  darkened 
c o n s id e r a b ly  and th e  p a t t e r n  was somewhat obscured  b u t  on 
a w h i te  background th e  p a t t e r n  became more d i s t i n c t ,  
r e v e a l in g  l i g h t - b r o v m  p a t c h e s  on a v e ry  p a l e  ground c o lo u r .  
Changes i n  e i t h e r  d i r e c t i o n  ( ju d g ed  v a th o u t  a c o n t ro l )  
appeared  to  talce, about f i v e  m in u te s .  Th is  was l a t e r  
confirmed m t h  t h r e e  o t h e r  specimens by Dr. Kent.
M ic ro s c o p ic a l  ex a m in a t ion  u n d e r  u r e th a n e  re v e a le d  
l a r g e  d i s t i n c t  mel anophores ,  w e l l  spaced a p a r t  i n  th e  
p a l e  r e g io n s  b u t  d e n s e ly  packed i n  the  d a rk e r  m arkings.  
Local  h e a t in g  o f  th e  s k in  p roduced  complete d i s p e r s i o n  
i n  bo th  r e g io n s  over  th e  range  l 6  -  22^0. Tliis was 
r e v e r s i b l e  and r e p e a t a b l e .  A p p l i c a t io n  of  i c e  caused
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some a g g r e g a t io n  bu t  many m elanophores  became cc m p le te ly  
ag g reg a ted  on ly  a f t e r  th e  i c e  was removed. On f u r t h e r  
warming towards roan tem p e ra tu re  a l l  mel anophores recovered  
t h e i r  form er c o n d i t i o n .  The f i s h  recovered  norm ally  i n  
s ea -w a te r .
Bl e n n i u s  p h o l i  s L. The Shanny.
F ive  specimens, 5 - 1 2  cm. i n  l e n g t h ,  were o b ta ined  
a t  Plymouth. Background a d a p t a t i o n  was th e  most 
s p e c t a c u l a r  i n  e x t e n t  found i n  any s p e c ie s  of  t e l e o s t  ( t h i s  
had e a r l i e r  been  observed i n  * tame' specimens k e p t  a t  
A berys tv /y th) . On b la c k  backgrounds th e y  became i n t e n s e l y  
b la c k  and on w hite  a v e ry  p a l e  g reen  c o lo u r  m t h  a f a i n t  
b ro im is h  p a t t e r n  (due to  f r e e  pigment i n  th e  skin) and 
i r i d e s c e n t  s p o t s .  I n  a po o r  l i g h t  t h e s e  f i s h  were 
ex t rem e ly  d i f f i c u l t  t o  see i n  t h i c k  g l a s s  a q u a r i a  p a i n t e d  
on th e  o u t s i d e ,  where th e  g l a s s  added a g r e e n i s h  t i n g e  t o  
th e  p a i n t .  The t e s t s  on a l l  s p e c ie s  however were 
perform ed w i th  backgrounds p r e s e n t e d  i n s i d e  the  a q u a r i a ,  
excep t  f o r  c l e a r  bea liers  u s e d  t o  ho ld  s m a l le r  specimens. 
These bealcers were p la c e d  i n  co lo u red  t r a y s  m t h  a few 
in c h e s  o f  w a te r  t o  p r e v e n t  r e f l e c t i o n  from below. Colour 
changes o f  th e  Shanny appeared  to  be c a n p le te  i n  about 5 
m in u te s  i n  e i t h e r  d i r e c t i o n  a l th o u g h  t h e r e  was some 
i n d i v i d u a l  v a r i a t i o n .  Marked co lo u r  changes were a l s o  
produced by ‘psychic* c o n d i t i o n s  when f r i g h t e n e d ,  handled  
o r  fed .
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M ic ro s c o p ic a l  exam ina t ion  u n d e r  u r e th a n e  a n a e s t h e s i a  
showed a m d e  v a r i e t y  of  mel anophores i n  a range  of 
d i s p e r s i v e  s t a t e s .  C l a s s i f i c a t i o n  of  t h e s e  c e l l s  would 
ap p ea r  to  r e q u i r e  d e t a i l e d  exam ina t ion  of  t h e i r  s t ru -c tu re .  
p o s i t i o n  and re sp o n se s .  They were d en se ly  packed i n  most 
p a r t s  o f  th e  s k in  h u t  spaced f u r t h e r  a p a r t  i n  small  
p a t c h e s .  Dr. Kent found t h a t  s e c t i o n  of the  p e c t o r a l  f i n  
r a y s  caused d i s p e r s i o n  i n  th e  d en e rv a ted  band.
Tem perature  r e sp o n se s  were slow b u t  d i s t i n c t .  T o ta l  
d i s p e r s i o n  i n  each case  o c c u r re d  a t  2V^C. b u t  r e q u i r e d
2 - 3  m in u te s  t o  be e f f e c t e d .  T hresho ld  measurements 
were t h e r e f o r e  made by small  ad ju s tm en ts  of th e  j e t  
t e m p e ra tu re  m t h  lo n g  p au se s  between. The v a lu e s  o b ta in ed  
were l 6  -  2h ° C . ,  1 7  -  2 h ° C . , 22 -  2k ° C .  and 17 -  2^°C.
f o r  th e  f o u r  f i s h  t e s t e d .  I n  no o t h e r  s p e c ie s  were slow 
re sp o n se s  o f  t h i s  t ^ ^ e  seen, t h e  re sponse  u s u a l l y  be ing  
p r a c t i c a l l y  i n s t a n t a n e o u s .  The de l  y sp read  low 
‘ th re sh o ld *  t e m p e ra tu re s  f o r  t h i s  s p e c ie s  and B. e a t t o r u ^ i n e  
were a l s o  u n u s u a l .  The a p p l i c a t i o n  o f  i c e  had v a r i a b l e  
e f f e c t s .  Complete a g g r e g a t io n  o ccu rred  i n  one f i s h ,  
p a r t i a l  a g g r e g a t io n  was fo l lo w ed  by f u r t h e r  ( r e v e r s i b l e )
3-gg rega t ion  a f t e r  removal o f  t h e  i c e  i n  two o t h e r s  and a 
com plete  l a c k  o f  any re sp o n se  was found i n  th e  f o u r th .
Tliis s p e c i e s  can be recommended f o r  f u r t h e r  s tudy  
f o r  many re a s o n s .  I t  proved v e ry  eas]/ t o  c o n t r o l  u nd er  
u r e th a n e  a n a e s t h e s i a  and r e  cove r]'" was always complete.
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Order S c l e r o p a r e i .
Fajiiily T r i g l i d a e .
Tri.p:la l u  ce rn a  L. The S a p h i r in e  Gurnard.
Three specimens 27 -  30 cm. i n  l e n g t h ,  were o b ta in ed  
from the  t r a w l e r  a t  Plymouth. The g en e ra l  c o lo u r  was red  
and small e r y th r o p h o re s  were found to  be the  predominant 
chromatophore ,  m t h  s p a r s e l y  s c a t t e r e d  l a r g e  mel anophores.  
Col our changes between red  and p ink  i n  re sponse  to  b lack  
and w hite  backgrounds appeared  t o  be ex t rem e ly  quick  so 
t h a t  com parison  of  dark and l i g h t - a d a p t e d  f i s h  on th e  same 
background was d i f f i c u l t .  The re sp o n ses  d id  no t  however 
in v o lv e  complete a g g r e g a t io n  o r  d i s p e r s i o n  of th e  
e r y th r o p h o re s .  M ic ro s c o p ic a l  o b s e r v a t io n  of the  
e ry th r o p h o re s  was found to  be g r e a t l y  a s s i s t e d  by a g reen  
f i l t e r  ( k i n d l y  lo a n e d  by Dr. A lexandrov i tch )  p laced  i n  
f r o n t  of  the  i l l u m i n a t i n g  lamp. M3222 was u sed  as  an 
a n a e s t h e t i c  and b re a t l i in g  was s t ro n g .  I n  none of  the  
t h r e e  f i s h  cou ld  any re sp o n se  be seen t o  te m p e ra tu re s  up 
t o  3 2 ^C. o r  to  co o l ing  by s e a -w a te r  i c e .  A ll  th e  f i s h  
r e co v e re d  q u i c k l y  on r e t u r n  to  s ea -w a te r .
T r i g l a  cu c u iu s  L. The Red Gurnard.
A s i n g l e  33 cm. specimen was caught  w i th  th e  T. l u  ce rn a  
above. R a th e r  a deeper  red  i n  co lou r ,  i t s  c o lo u r  changes 
and s k in  appearance  were v e ry  s i m i l a r  to  th e  o t h e r  s p e c ie s .  
Again n e i t h e r  e ry th r o p h o re s  nor  mel anophores  showed any
1 3 0 .
te m p e ra tu re  re sp o n se s .  The f i s h  recov e red  f u l l y  i n  
s e a -w a te r .
( T id y l  a co r  ax Bonap. (=T . l u c e r n a  L.) The S a p h i r in e  Gurnard. 
( T r i v i a  l i n e  a t  a Gmelin. The S treak ed  Gurnard. Notes from
th e  l i t e r a t u r e .
V. F r i s c h  (1912) s t a t e d  t h a t  i n  bo th  th e s e  sp e c ie s  t h e  
e r y th r o p h o re s  a r e  i n n e r v a t e d  i n  a s i m i l a r  manner to  the  
melanophores  o f  Phoxinus and show s i m i l a r  tem p era tu re  
r e sp o n s e s .  I n  d en e rv a ted  r e g io n s  the  re sponse  was 
r e v e r s e d .  Tliis i s  i n  c o n f l i c t  w i th  the  r e s u l t s  o b ta in ed  
a t  Plymouth. Smith and Smith (1935) however m a in ta in  
t h a t  th e  e ry th r o p h o re s  o f  T r i v i a  s~on. ( s i c ) ,  Scorpaena 
u s t u l a t a  and Phoxinus phoxinus  show no tem p e ra tu re  re sp o n se s .  
The same a u th o r s  (193^) s t a t e d  t h a t  e x t r a c t s  of the  
p i t u i t a r y  g land  of T r i g l a  spp . caused pronounced p a l in g  
when i n j e c t e d  i n t o  Scorpaena u s t u l a t a .
Family C o t t id a e .
C o t tu s  b u b a l i s  Euphrasen. The Long- sp ined  B ullhead .
Four specimens, 6 -  10 cm. i n  l e n g t h ,  were o b ta in ed  
a t  Pljmiouth. C o lo ra t io n  was g e n e r a l l y  dark m t h  a number 
o f  i r r e g u l a r  p a l e  bands d o r s a l l y  on th e  body and m t h  w hite  
u n d e r p a r t s .  T h is  d i s r u p t i v e  e f f e c t  was i n c r e a s e d  by an 
i r r e g u l a r  o u t l i n e  and m o t t l e d  f i n  p a t t e r n s .  Colour 
changes appeared  to  be complex. The l i m i t e d  p a l e r  a r e a s
131.
showed quick  re sp o n se s  to  background c o lo u r  w i th  a s lower 
f i n a l  phase  o f  a d a p ta t i o n .  Thus on a w h i te  background 
th e  s k in  became v e ry  p a le  i n  1 -  2 m inu te s  b u t  a f t e r  an 
hour  had become rem arkably  w h i te .  Darkening appeared  to  
be s i m i l a r  though th e  dark hue o f  th e  r e s t  of  th e  s k in  was 
n ev e r  e q u a l l e d .  Thus th e  s k in  p a t t e r n  was i n t e n s i f i e d  on 
a p a l e  background b u t  was s t i l l  d i s t i n c t  on a dark one.
The dark s k in  of  the  head became d i s t i n c t l y  p a l e r  a f t e r  
1 - 2  hours  on a w hite  background b u t  redarkened  a f t e r  a 
v a r i a b l e  i n t e r v a l .  Redarkening a l s o  o cc u r red  i f  t h e  
f i s h  were d i s t u r b e d  and p a l i n g  d id  not  th e n  r e c u r ,d u r i n g  
p ro longed  exposure  to  a wliite background. F u r th e r  
expe r im en ts  on t l i i s  r e g io n  a r e  d e s c r ib e d  i n  Chapter V.
The dark r e g io n s  o f  th e  body were never  seen  to  p a le  
a p p r e c ia b ly .
A n a e s th e t i  s a t i  on w i th  1/? l i r e th a n e  fo l low ed  by 0. 25^
s o l u t i o n  was s u c c e s s fu l  ( t h e  l a t t e r  was s u p p l ie d  th rough  
a rubbe r  tube  to  s u i t  th e  l a r g e  mouth) and th e  f i s h  
remained u p r i g h t  on th e  wax d i s h .  The dark p a r t s  of  t h e  
body were seen  to  c o n ta in  v e ry  c l o s e l y  packed mel anophores 
w h i le  th e  p a l e  a r e a s  had on ly  sp a r se  mel anophores w ith  
many e r y th r o p h o re s .  D esp i te  e x t e n s iv e  exper im en ts  
i n v o lv in g  qu ick  and slow te m p e ra tu re  changes between 35^C.
and c h i l l i n g  w i th  s e a -w a te r  i c e  i n  b o th  the  dark and p a l e  
r e g io n s  o f  th e  body (n o t  on th e  head) no therm al  re sp o n ses  
of  any k in d  were observed. A l l  th e  f i s h  endured th e
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exper im en ts  w e l l  and reco ve red  norm ally  i n  s ea -w a te r .
C o t tu s  yob io  L. The F resh w a te r  B u l lhead  o r
M i l l e r * s  Thumb.
Six  10 cm. f i s h  were n e t t e d  from th e  R iver  Chess n e a r  
i iickmansworth, H e r t f o r d s h i r e .  Slcin p a t t e r n s  i n  th e s e  f i s h  
were no t  so marked as i n  C .b u b a l i s  b u t  a s i m i l a r  d i s ­
r u p t i v e  arrangem ent of  i r r e g u l a r  dark and l i g h t  a r e a s  was 
p r e s e n t .  The f i s h  were ex t re m e ly  d i f f i c u l t  to  d e t e c t  i n  
t h e i r  normal environment o f  p eb b ly  s tream s.  The e x t e n t  
and speed o f  c o lo u r  change v a r i e d  c o n s id e r a b ly  between 
i n d i v i d u a l s .  Some darkened and p a le d  over  th e  whole body 
wliile i n  o t h e r s  th e  d a rk e r  r e g io n s  of  th e  s k in  appeared 
more or  l e s s  i n c a p a b le  of  p a l i n g ,  as  observed f o r  
C .buba l i  s . Thus on a w h i te  background some i n d i v i d u a l s  
became generaJ_ly p a le  w l l l e  o t h e r s  became s t r o n g l y  
p a t t e r n e d .  Times f o r  a d a p t a t i o n  i n  e i t h e r  d i r e c t i o n  
appeared  to  be about th e  same f o r  each i n d i v i d u a l  b u t  
v a r i e d  between 10 and 30  m in u te s  f o r  d i f f e r e n t  f i s h .
S i n i l a r  r e s u l t s  had been  o b ta in e d  a t  e a r l i e r  d a t e s  on 
s e v e ra l  specimens caught a t  Hardwick P ark ,  D erbysh ire .  
M i l l e r  and Kennedy (19^6) r e p o r t e d  t h a t  marked c o lo u r  
changes could  be observed  i n  th e  f r e s h w a te r  s c u l p i n  
( Cottus  c o y n a tu s ) of  North  America. No d e t a i l s  were g iv en  
excep t  t h a t  complete  p a l i n g  o f  the  p a t t e r n  could  be 
accom plished  i n  2 -  3 i  m in u te s  on a w hite  background.
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M ic roscop ic  exam ina t ion  a f t e r  anae s t h e t i  s a t i  on by 
0 . %  and C. 255 u r e th a n e  showed a g r e a t e r  d e n s i t y  of 
mol anophores i n  the  d a rk e r  r e g io n s  o f  th e  sk in ,  and t h a t  
t h e s e  mel anophores  were g e n e r a l l y  more d i s p e r s e d  th a n  i n  
th e  p a l e r  a r e a s .  I n  some i n d i v i d u a l s  t h e r e  was a p p a r e n t ly  
some f r e e  m e lan in  ben ea th  th e  chromatophores o f  th e  dark 
r e g io n s .
No te m p e ra tu re  re sp o n se s  were observed i n  any of  th e  
mel anophores d u r in g  re p e a te d  t e s t s  between C^C. and 3 6 ^ 0 . 
iU l  th e  f i s h  r e s p i r e d  s t r o n g l y  and recov ered  com ple te ly  
when r e tu r n e d  to  t h e i r  tank .
Family G a s t e r o s t e i d a e .
G a s t e r o s t e u s  a c u le a t u s  L. The Three Spined S t ic k le b a c k .
Five specimens, 3*5 -  5 .0  cm. i n  l e n g t h ,  were o b ta in e d  
from a d e a l e r  i n  a consignment o f  minnows from G ra v e t ie ,  
Su rrey .  The e x t e n t  of. background a d a p t a t i o n  appeared  to  
be s i m i l a r  to  t h a t  o f  Phoxinus b u t  t h e r e  were no p a t t e r n  
m arkings  a t  any s ta g e .  Times f o r  background r e v e r s a l  
v a r i e d  somewhat between i n d i v i d u a l s  b u t  were g e n e r a l l y  
s i m i l a r  to  th o s e  o f  Pho:d.nus. This  i s  su pp o r ted  by 
m ic ro s c o p ic a l  o b s e r v a t io n s  by Hogben and Landgrebe (19^0) ,  
F ig u re  l 6 ,  and by G r i f f i t h s  ( 1 9 ^ )  ? F ig u re  1? .  Eogben 
and Landgrebe s t a t e d  t h a t  b o th  nervous  and humoral c o n t r o l  
of th e  m elanophores  were p r e s e n t .
For anae s t h e t i  s a t i  on i S  u r e th a n e  was r e q u i r e d ,  fo l lo w ed
Fi.<^u.re  l é .
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by 0.25% S'S n s i i a l .  The mel anophores were ex t rem e ly  small
and became r a t h e r  d i s p e r s e d  i n  u r e th a n e .  No tem p e ra tu re
o o
re sp o n se s  cou ld  be evoked between 0 C. and 35 C.
R e s p i r a to r y  movements were s t ro n g  and th e  f i s h  recovered, 
n orm ally  i n  t a p - w a te r .
Pu_np:itins n u n y a t iu s  ( L . ) .  (=Pyrrost e u s  joun r r i t i u s  (L.)  ) .
The Ten Spined S t ic k le b a c k .
A s i n g l e  5 cm. specimen was n e t t e d  from th e  R iver  Chess, 
n ea r  Rickmans worth ,  Kerf o r d s h i r e .  The c o lo u r  was un ifo rm  
a p a r t  from d o r s o - v e n t r a l  shading and b o th  th e  e x t e n t  and 
r a t e  o f  co l  our changes appeared  to  be s i m i l a r  to  tho se  of  
G a s t e r o s t e u s  a c u l e a t u s . 0 . 5% and 0 . 25% u re th a n e  
produced s a t i s f a c t o r y  a n a e s t h e t i  s a t i  on. The melanophores
appeared  to  be o f  one k in d  o n l 3^ ; small % t h  many f i n e  
b ran ch es .  No te m p e ra tu re  r e sp o n se s  could  be o b ta ined  
between O^C, and 3 ô^C. , a l th o u g h  th e  f i s h  r e s p i r e d  w e l l  
and a f te rw a r d s  recovered  f u l l y .
Order Hete rosom ata .
Family B o th id a e .
Sconhthalmus rhombus ( L . ) .  The B r i l l .
Three specimens between h O  and 50 cm. i n  l e n g t h  were 
o b ta in e d  a t  Plymouth. The l a r g e  s i z e  of  t h e s e  f i s h  
ren d e red  background r e v e r s a l  t e s t s  d i f f i c u l t .  They were 
e v e n t u a l l y  p la c e d  i n  l a r g e  t r a y s  o f  s e a -w a te r  which were
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l i n e d  m t h  b la c k  o r  w hite  pape r .  R eversa l  appeared  t o  be 
complete i n  30  m inu te s  i n  e i t h e r  d i r e c t i o n .  Tliis f i g u r e  
must be t r e a t e d  m t h  c a u t io n  s in c e  th e  f i s h ,  a l th o u g h  q u i e t ,  
were cramped and a l s o  because  a d a p t a t i o n  was no t  marked. 
M acroscopic comparison proved d i f f i c u l t  m t h o u t  c o n t r o l s  
( o n ly  two t r a y s  were a v a i l a b l e ) . S c h a e f fe r  (1921) 
r e p o r t e d  t h a t  c o lo u r  changes i n  Rhombus maxi mus 
(= Sconhtha3.mus maximus) were v e ry  marked b u t  no t  so r a p id  
as  i n  th e  P l e u r  one c t i d a e .  Fouchet  ( I 876 ) f i r s t
dem ons tra ted  th e  p re se n ce  of c h r a n a t i c  n e rv es  i n  Rhombus 
maximus.
Each f i s h  was s e t  up i n  t u r n  un d e r  u r e th a n e  a n a e s t h e s i a .  
Mel anophores o f  two d i s t i n c t  ty p e s  were seen  to  form th e  
b l o t c h y  p a t t e r n .  I n  the  f i r s t  f i s h  a l l  mel anophores 
d i s p e r s e d  com p le te ly  and r e v e r s i b l y  i n  r e g io n s  hea ted  t o  
20 -  2^-^C. No f u r t h e r  e f f e c t  was produced up to  3 C^C.
Local  c o o l in g  by se a -w a te r  i c e  produced in co m p le te  b u t  
r e v e r s i b l e  a g g r e g a t io n ,  e s p e c i a l l y  o f  th e  l a r g e r  
m elanophores ,  a l th o u g h  a few of  th e  l a r g e  c e l l s  appeared 
to  be r e f r a c t o r y .  Towards th e  end of  th e  experiment 
r e s p i r a t o r y  movements s topped  and no f u r t h e r  re spo n ses  
cou ld  be o b ta in e d  u n t i l  r e s u s c i t a t i o n  r e s t o r e d  th e  
o p e r c u l a r  movements. The f i s h  reco ve red  c a n p l e t e l y  i n  
runn ing  s e a -w a te r .
The second f i s h  s topped r e s p i r a t o r y  movements b e fo re  
te m p e ra tu re  t e s t s  cou ld  be a p p l i e d  and a l th o u g h  re v iv e d
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a r t i f i c i a l l y  th e  f i s h  had to  be r e tu r n e d  to  th e  s tock  
tahlc where i t  l a t e r  d ied .  The t h i r d  f i s h  a l s o  stopped 
r e s p i r a t o r y  movements and cou ld  not  be r e s u s c i t a t e d .
These expe r im en ts  were perform ed b e fo re  M3222 was adopted 
as  an a n a e s t h e t i c  f o r  f l a t f i s h  and no f u r t h e r  specimens 
could  be o b ta in e d  due to  g a le s .
Family FI eu rone c t i d a e .
P le u r o n e c te s  n l a t e s s a  L. The P l a i c e .
S ev era l  specimens were a v a i l a b l e  a t  Plymouth and 
f o u r  f i s h  about 30  cm. long  were chosen f o r  t e s t i n g .  These 
were p la c e d  i n  b lack  and w h i te  d i s h e s  of  s ea -w a te r  and 
marked a d a p t a t i o n  was observed .  On r e v e r s a l  o f  backgrounds 
i n  e i t h e r  d i r e c t i o n  th e  f i s h  r a p i d l y  became b lo tc h y  and 
even r e v e r s a l  was complété i n  3 m in u te s .  F u r th e r  changes 
were slow and cou ld  no t  be d e t e c te d  a f t e r  2 hours .  Some 
i n d i v i d u a l  v a r i a t i o n  was noted  i n  the  a d a p t iv e  s t a t e s  
a t t a i n e d  b u t  th e  c o n t a i n e r s  were not  r e a l l y  s u i t a b l e  f o r  
such l a r g e  f i s h .  S c h a e f f e r  (1921) a l s o  re p o r te d  
ex t rem e ly  r a p id  b u t  r a t h e r  s l i g h t  re sp on ses  i n  t h i s  s p e c ie s .
Four f i s h  were a n a e s t h e t i s e d  i n  1% u r e th a n e  and l a i d  
upon a s lo p in g  board  w ith  0.25% u re th a n e  su p p l ied  ora3.1y.
A l l  the  mel anophores  were s i m i l a r  i n  appearance and 
even ly  d i s t r i b u t e d .  Complete l o c a l  d i s p e r s i o n  was 
o b ta in e d  between 22 -  26^0 . ,  22 -  26 C and I 8 -  2^ C. i n  
t h r e e  f i s h .  I n  th e  f o u r t h  complete d i s p e r s i o n  was
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p r e s e n t  a t  28^ 0 . b u t  th e  r e s t i n g  s t a t e  a t  l 6^C. was one of 
c o n s id e r a b l e  d i s p e r s i o n  so t h a t  th e  f i r s t  re sponse  was 
d i f f i c u l t  t o  judge.  I n  each f i s h  reco v ery  was complete 
a t  th e  low er  te m p e ra tu re .  Almost complete r e v e r s i b l e  
a g g r e g a t io n  was produced by c h i l l i n g  m t h  f r o z e n  s e a -w a te r  
i n  the  l a s t  two f i s h ;  t h i s  experiment was not  performed 
on th e  f i r s t  two. Some d i f f i c u l t y  was ex p e r ien ced  i n  
c o n t r o l l i n g  r e s p i r a t o r y  movements u n d e r  a n a e s t h e t i c  b u t  a l l  
re co v e red  when r e tu r n e d  to  s e a -w a te r  t a n k s .
The f i r s t  two f i s h  were l a t e r  s u b je c te d  to  s p in a l  
nerve  s e c t i o n  i n  th e  manner of  Fouchet (1 8 ?6) on 
Scouhthalmus maximus. A l o n g i t u d i n a l  i n c i s i o n  was made 
c lo s e  to  th e  l a t e r a l  l i n e  about midway along th e  body a.nd 
a small  k n i f e  was t h e n  u sed  to  cu t  the  s p in a l  ne rves  
e i t h e r  d o r s a l l y  o r  v e n t r a l l y  f o r  2 - 3  cm. ( t h e  s e c t i o n  of 
each nerve was i n d i c a t e d  by a t m t c h  of th e  a s s o c i a te d  
s k e l e t a l  m u s c l e s ) . The wound was th e n  s u tu re d  and the  
f i s h  a l lowed to  re co v e r .  I n  each case  a dark band formed 
by t o t a l  melanophore d i s p e r s i o n  appeared  a f t e r  a few 
m in u te s ,  runn ing  d o r s a l l y  o r  v e n t r a l l y  over  th e  segments 
concerned. These bands remained d i s t i n c t  f o r  s e v e ra l  days 
e s p e c i a l l y  i f  th e  f i s h  were p la c e d  upon a w h i te  background. 
This  confirmed th e  nerve s e c t i o n  exper im en ts  performed by 
S c h a e f f e r  (1921) on t h i s  s p e c ie s .  Twenty-four hours  a f t e r  
th e  o p e r a t i o n  th e  band melanophores  were r e t e s t e d  f o r  
tem p era tu re  r e sp o n se s .  No e f f e c t  could be o b ta ined  i n
e i t h e r  case  up to  3^^C. o r  by c h i l l i n g  m t h  f r o z e n  sea­
w a te r ,  a l th o u g h  mel anophores im m edia te ly  o u t s id e  th e  band 
gave normal r e sp o n se s .  These r e s u l t s  appear to  g ive 
c l e a r  ev idence  of nervous c o n t r o l  i n  t h i s  s p e c ie s  and 
i n d i c a t e  t h a t  as  i n  Phoxinus c h r a n a t i c  ne rv es  a re  in v o lved  
i n  th e  tem p era tu re  re sp o n se .  E ry th ro p h o res  of  th e  red 
s p o ts  appeared  to  be com ple te ly  i n a c t i v e  i n  bo th  background 
and tem p era tu re  re spo nses .
Limanda l im anda ( ! . ) •  The Dab.
A s i n g l e  7 cm. specimen was a v a i l a b l e  a t  Plymouth. 
Background a d a p ta t i o n  was c l e a r l y  d i s t i n g u i s h a b l e  
m a c ro s c o p ic a l ly  b u t  e s t im a te s  of  th e  t im es  in v o lv e d  were 
d i f f i c u l t  s in c e  th e  small s i z e  of  th e  f i s h  ren d e red  i t  
almost  t r a n s p a r e n t  and th e  background c o lo u r  could  be 
seen  th rough  i t .  The f o l l o m n g  y e a r  Dr. Kent (unpub l ished)  
e s t im a ted  from s ix  20 cm. specimens t h a t  r e v e r s a l  i n  e i t h e r  
d i r e c t i o n  t  alces about one hour .  S p ina l  nerve  s e c t i o n  i n  
th e s e ,  f i s h  produced segmental dark bands l a s t i n g  f o r  about 
t h r e e  days.  A d e t a i l e d  ex am ina t ion  of th e  co lo u r  changes 
of t l i i s  s p e c ie s  has  been d e s c r ib e d  by Hewer ( 1926 ) bu t  no 
t im es  f o r  background r e v e r s a l  were g iven .  Outflow of 
chrom atic  n e r v e - f i b r e s  from th e  s p in a l  cord  was found to  
occur  a t  th e  l e v e l  of  th e  s i x t h  v e r t e b r a .
Temperature t e s t i n g  u n d e r  u r e th a n e  a n a e s t h e s i a  
produced t o t a l ,  r e v e r s i b l e  melanophore d i s p e r s i o n  between
l 4 i .
22 -  2o C. C h i l l i n g  by se a -w a te r  i c e  produced almost 
complete a g g re g a t io n ,  r e v e r s i b l e  a t  room te m p e ra tu re .  The 
f i s h  recovered  co m ple te ly  when r e tu r n e d  to  i t s  aquarium.
P l a t i c h t h v s  f i e  sus ( L . ) .  The Flou.nder.
A s i n g l e  2^  cm. specimen was caught on rod and l i n e  
by th e  Plymouth Angling S o c ie ty  and k e p t  f o r  s e v e ra l  days 
i n  a tahlc of  running s e a -w a te r .  Background a d a p ta t i o n  
and r e v e r s a l  appeared to  be v e ry  s i m i l a r  to  th o se  of 
P l e u r o n e c te s  n l a t e s s a . Cn a w hi te  background p a l in g  was 
uneven, p roduc ing  a b lo t c h y  appearance ,  as  a l s o  observed 
i n  P l e u r o n e c t e s .
Anae s t h e t i  s a t i  on was e f f e c t e d  by immersion i n  a 
1 /1 2 ,5 0 0  (w/v) s o l u t i o n  of M3222 and t h i s  same s o l u t i o n  
was s u p p l ie d  c o n t in u o u s ly  d u r ing  exper im ents .  Severa l  
t y p e s  of  chromatophore were seen  to  be p r e s e n t  (Eewer, 1 9 3 1 ) • 
C e r t a in  l a r g e  mel anophores and o t h e r s  o v e r l a i n  by wblte  
chrcm atophores  showed no te m p e ra tu re  re sp o n ses ,  nor d id  
th e  e r y th r o p h o re s .  The r a t h e r  sm a l le r  mel anophores 
c o n t r i b u t i n g  t o  t h e  ground c o lo u r  of th e  p a t t e r n  d i s p e r s e d  
somewhat when warmed to  3 5 ^C. and ag g rega ted  com ple te ly  
when c h i l l e d .  Both th e s e  r e sp o n se s  were r e v e r s i b l e  and 
r e p e a t a b l e .  The f i s h  behaved v e ry  well  u n d e r  a n a e s t h e s i a  
and recovered  com p le te ly  a f te rw a r d s .
M ic re s t omus k i 11 (Walbaum) . The Merry Sole .
Four 28 cm. specimens were o b ta in ed  a t  Pl^miouth.
1^2.
These f i s h  r e fu s e d  t o  l i e  q u i e t l y  i n  th e  b lack  and w hite
t r a y s  u sed  f o r  observ ing  colou.r changes i n  o th e r  f l a t f i s h .
A d a p ta t io n  t o  w hi te  sinlis  and th e  almost b la c k  s to c k - t a n k s
appeared  t o  be ex t rem e ly  small i n  e x t e n t ,  th e  m arbled
p a t t e r n  changing l i t t l e  i f  a t  a l l  i n  appearance .  Each
f i s h  was a n a e s t h e t i s e d  i n  t u r n  i n  u r e th a n e .  The
mel anophores were seen to  be a l l  r a t h e r  small w ith  a v e ry
l a r g e  number of f i n e  r a d i a l  b ra n ch es .  No re sp o n ses  t o
te m p e ra tu re  could  be evoked d e s p i t e  r e p e a te d  t e s t s  between 
o
16  -  32  C. and c h i l l i n g  m t h  f r o z e n  se a -w a te r .  R e s p i r a to r y  
movements were s t ro n g  and t l i i s  s p e c ie s  proved to  be th e  
most e a s i l y  c o n t r o l l e d  of  a l l  f l a t f i s h  t e s t e d  u nd er  
u r e th a n e .  Some sp in a l  n e rv es  were cu t  i n  each f i s h  as f o r  
P l e u r o n e c t e s . and a l l  f o u r  f i s h  reco v e red  from the  
o p e r a t i o n  no rm al ly .  No da rken ing  of  th e  denerva ted  
r e g io n  was observed a l th o u g h  th e  f i s h  were examined 
f r e q u e n t l y  f o r  over  a week.
Family S o le id a e .
Sole a s o l e a  ( L . ) .  The Common Sole .
Four specimens between 3^ and cm. i n  l e n g t h  were 
a v a i l a b l e  a t  Plymouth. I n  b la c k  and w h i te  t r a y s  th e  f i s h  
l a y  q u i e t l y  b u t  showed no d i s c e r n i b l e  a d a p t a t i o n  f o r  a 
c o n s id e r a b le  t im e .  Each was a n a e s t h e t i s e d  i n  1 /1 2 ,5 00  
MS222 s o l u t i o n  wliich produced some d a rken ing .  No 
re sp o n se s  cou ld  be evoked i n  any f i s h  by te m p e ra tu r e s  up
l>+3.
to  32^C. o r  by c h i l l i n g  u n d e r  i c e .  Contro l  o f  r e s p i r a t i o n  
proved  to  be v e ry  easy  and a l l  th e  f i s h  reco v e red  w e l l .
I n  two o f  t h e  specimens s p in a l  ne rves  were c u t  v e n t r a l l y  
b u t  no da rk en ing  o f  the  s k in  was produced.
Bu ^ 1 os s i  dium l u  t  eum ( R i s s o ) .  The S o l e n e t t e .
S ev e ra l  specimens su p p l ied  a t  Plymouth ranged i n  
l e n g t h  from 5 - 1 0  cm. ( fu l l e r  grown). No c o lo u r  changes 
i n  re sponse  to  b lack  o r  w h i te  backgrounds cou ld  be observed 
even a f t e r  some da^ -^s. A n a e s th e s ia  was produced by 0.5% 
and 0.25% u r e th a n e  s o l u t i o n s ,  which appeared  to  be q u i t e  
s a t i s f a c t o r y  f o r  t h i s  s p e c ie s .  No te m p e ra tu re  re sp o n se s  
could  be evoked from th e  mel anophores o r  er^^throphores.
One f i s h  was s u c c e s s f u l l y  s p in a l  s e c t io n e d  b u t  no darken ing  
was produced and th e  f i s h  was k i l l e d  a f t e r  s e v e ra l  days. 
P o s t  mortem d i s s e c t i o n  showed t h a t  complete s e c t i o n  
o cc u r red  a t  the  l e v e l  of th e  8 th  v e r t e b r a ,  p o s s i b l y  too  
f a r  p o s t e r i o r l y .  S p in a l  nerve  s e c t i o n  i n  one case  
produced da rken ing  of  th e  whole body p o s t e r i o r  to  th e  
p o i n t  o f  s e c t i o n .  This  was t r a c e d  i n  subsequen t  
d i s s e c t i o n  to  damage to  th e  a o r t a .  I n  a n o th e r  case 
v e n t r a l  nerve  s e c t i o n  produced a v e n t r a l  dark band which 
p e r s i s t e d  f o r  on ly  t h r e e  h o u rs .  No c i r c u l a t o r y  damage 
cou ld  be found i n  t h i s  specimen. The case  f o r  chrom atic  
c o n t r o l  must t h e r e f o r e  remain undec ided  a t  p r e s e n t .  The 
i d e n t i f i c a t i o n  of t l i i s  s p e c i e s  was l a t e r  confirmed h y
IMf.
Dr. D. W. Tucker of the  B r i t i s h  Museum (N a tu ra l  H i s t o r y ) .
c. Pi scu s si  on.
The r e s u l t s  d e s c r ib e d  i n  t h i s  Chapter a re  summarised 
i n  Table I .  Thirt^r-one s p e c ie s  have been newly 
i n v e s t i g a t e d  and exper im en ts  on two more a re  re p ea ted .  
I n fo r m a t io n  i s  now a v a i l a b l e  on t h i r t y - s e v e n  s p e c ie s  of 
tw enty-one f a m i l i e s  and n in e  o r d e r s .  Nervous c o n t ro l  of 
chrom âtophores appears  to  be p r e s e n t  i n  t h i r t y - o n e  of 
t h e s e  s p e c ie s  and may be p r e s e n t  i n  o t h e r s  which d id  not  
show quick  background a d a p ta t i o n .  ‘ Temperature re sp o n ses  
s i m i l a r  to  th o s e  of  th e  minnow were found i n  n in e t e e n  
s p e c ie s  ( a l th o u g h  V . F r i s c h ' s  o b s e rv a t io n s  on Tri .e la  corax  
cou ld  not  be s u b s t a n t i a t e d )  of  tw elve  f a m i l i e s  and seven 
o r d e r s ,  each o f  which shows s t ro n g  ev idence  f o r  nervous 
c o n t r o l  of co lo u r  change. I n  no case  was th e  tem p e ra tu re  
re sponse  observed  i n  a f i s h  \ A t h  s lu g g i s h  co lo u r  change. 
F u r th e r ,  no re sp o nse  to  extreme te m p e ra tu re s  o t h e r  than  
t h a t  seen  i n  i n t a c t  minnows was eve r  observed f o r  any 
s i n g l e  melanopChore. The phenomenon f i r s t  d e s c r ib e d  by 
V .  F r i s c h  was e i t h e r  p r e s e n t  o r  a b se n t  and no v a r i a t i o n s  
were d i s c o v e re d .
There ap p ea rs  to  be l i t t l e  taxonomic s i g n i f i c a n c e  i n  
th e  d i s t r i b u t i o n  of  t h e s e  r e s u l t s .  S ix  s p e c ie s  of t h r e e  
f a m i l i e s  of th e  Order S c l e r o p a r e i  which were i n v e s t i g a t e d
1^5.
h e re  a l l  showed ev idence  of nervous c o n t r o l  x-dth no 
t em p era tu re  re sp o n se ,  b u t  tvjo s p e c ie s  of  T r i f r la  (one of 
which was re p e a te d  here) were s t a t e d  by v . ? i i  sch to  show 
normal te m p era tu re  re sp o n ses .  A more complete survey 
of th e  T r i g l i d a e  xvould be i n t e r e s t i n g .  The f a m i l i e s  
C yprin idae ,  L a b r id a e ,  Gobiidae and PI eu rone c t i d a e  c o n ta in  
some members x d th ,  and o t h e r  members x d th o u t  th e  response .  
The f a m i l i e s  Gadidae and PI eu rone c t i d a e  a l s o  c o n t a i n  members 
x d th  c l e a r  ev idence  of nervous c o n t r o l  and one member i n  
X'/hich t l i i s  cou ld  not  be dem ons tra ted .
No i n t r a s p e c i f i c  d i s c r e p a n c i e s  were observed  except  
f o r  s l i g h t  v a r i a t i o n s  i n  th e  low tem p era tu re  -response where 
te m p e ra tu re s  could  not  be a c c u r a t e l y  c o n t r o l l e d ,  f o r  
example i n  R u t i l u s  r u - t i l u s . L e b i s t e s  r e t i c u l a t u s  and 
B len n iu s  u h o l i s . Cn th e  o t h e r  hand o b s e r v a t io n s  by 
Dr. Kent and m yse lf  do no t  acco rd  x d th  th o s e  of Fouchet 
(1 8 7 6 ) on th e  a d a p t a t i o n  of  Callionvmus I v r a .
I n  g e n e ra l  t h e s e  r e s u l t s  confirm  th e  dependence of  
th e  tem p era tu re  response  on th e  p re se n ce  of  chromatic  
n e rv e s ,  b u t  i n d i c a t e  t h a t  th e  phenomenon i s  no t  a n e c e s s a ry  
c o r o l l a r y  o f  nervous  c o n t r o l .  The absence of any o t h e r  
t e m p era tu re  re sponse  and th e  l a c k  of taxonomic s i g n i f i c a n c e  
appear  t o  weigh a g a in s t  a th e o r y  in v o lv in g  th e  e v o l u t i o n  
o f  complex therm osensory  pathways. The absence of re sponse  
i n  f i s h  i n  which chromatic  n e r v e - f i b r e s  were p ro b a b ly  
p r e s e n t  b u t  no rm al ly  i n e f f e c t i v e  may a l s o  fa v o u r  th e
p e r i p h e r a l  i n t e r f e r e n c e  th eo ry .
The dependence of the  response  upon normal r e s p i r a t o r y  
rhythm has a l s o  been confirmed by a c c id e n t  i n  P a ^ e l lu s  
c e n t r o d o n tu s . C teno lab n is  r u p e s t r i s . 3cophthalmus rhombus 
and P le u ro n e c te s  n l a t e s s a . I n  a l l  ca ses  th e  re sponses  
reap peared  when th e  f i s h  was r e v iv e d  to  th e  p o in t  where 
r e s p i r a t o r y  movements were resumed.
The one new e f f e c t  no ted  was the  occu rren ce  or 
com ple t ion  of  th e  lov; tem p e ra tu re  response  only  a f t e r  th e  
removal of c h i l l i n g  i c e ,  r e g a r d l e s s  of th e  d u r a t i o n  of i t s  
a p p l i c a t i o n .  This  x^s observed i n  some o r  a l l  specimens 
o f  R u t i lu s  r u t i l u s . C teno lab rus  r u n e s t r i s . B lenn ius  
.(zattoru.gine and B lenn ius  lo h o l is . Except f o r  two specimens 
p f  111t i l u s  r u t i l u s  t h i s  r e a c t i o n  was re v e rs e d  on allox^dng 
th e  t i s s u e s  to  warm f u r t h e r  towards roan tem p era tu re ,  and 
was th en  r e p e a t a b l e .  Two p o s s i b l e  e x p la n a t io n s  of t h e s e  
e f f e c t s  a re  g iven  i n  Chapter  I l l g .
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CHAPTER V.
THE ELECTRICAL 3TBRJLATIC-~ OF CHROMATIC ¥ E W E  FIBRES.
a. I n t r o d u c t i  on.
The re spo nses  of  the  melanophores of some t e l e o s t  
f i s h e s  to  extreme te m p e ra tu re s  may now be assumed to  depend 
i n  some way upon th e  nervous system. A t h e o r e t i c a l  
mechanism has been  advanced and th e  expe r im en ta l  r e s u l t s  
o b ta in e d  appear  t o  be c o n s i s t e n t  v a th  t l i i s  th e o ry .  C e r t a in  
assum ptions  have however been made concern ing  th e  n a tu re  
o f  th e  nervous c o n t r o l  o f  melanophores^ and th e s e  m i l  now 
be examined.
I t  i s  p ro b a b ly  s a fe  to  assume t h a t  th e  melanophores
a r e  t o n i c  e f f e c t o r s .  A l l  t h a t  i s  known of  th e  autonomic
system, of  o t h e r  autoiiomic e f f e c t o r  organs and of th e
s t r u c t u r e  and re sp o n se s  of  melanophores  maires any a l t e r n a t i v e
s u g g e s t io n  v e ry  im probab le .  But whether t h e r e  i s  a s i n g l e
t o n i c  m o to r - su p p ly  o r  a double ,  opposed and r e c i p r o c a l l y -
b a lan c ed  c o n t ro l  i s  by no means c e r t a i n .  By th e  arguments
o f  Chapter I l f  a th e o ry  of  p e r i p h e r a l  i n t e r f e r e n c e  by
extreme te m p e ra tu r e s  cannot be suppor ted  on th e  b a s i s  of
a s i n g l e  i n n e r v a t i o n .  On th e  o th e r  hand i f  double
i n n e r v a t i o n  can be dem onstra ted  th e  t h e o ry  p ro v id e s  a
f e a s i b l e  e x p la n a t io n  of  th e  r e s u l t s  o b ta in ed  so f a r .
Furtherm ore  in d ep en d e n t  s t i m u l a t i o n  of  the  two systems
)
would a l low  th e  b lo ck in g  te m p e ra tu re s  of  ^ a c h  to  be
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measured d i r e c t l y  and p ro v id e  a c o n c lu s iv e  t e s t  o f  the  
p e r i p h e r a l  i n t e r f e r e n c e  th eo ry .  The f o l l o m n g  i n v e s t i g a t i o n  
was u n d e r ta k e n  m t h  t h i s  aim.
b. The H i s t o r y  o f  th e  Double I n n e r v a t i o n  Theory .
Both Pouchet  ( 1 8 7 6 ) and v. F r i s c h  (1911a) found t h a t  
melanophores  d i s p e r s e d  t h e i r  pigment when newly denerva ted  
b u t  ag g reg a ted  i t  when th e  i n t a c t  motor nerves  were 
e l e c t r i c a l l y  s t im u la te d .  At t h a t  t ime th ey  concluded t h a t  
n erve  f i b r e  a c t i v i t y  caused p a l i n g  w hile  i t s  i n t e r r u p t i o n  
a l low ed complete r e l a x a t i o n  of  th e  e f f e c t o r  i n  a s t a t e  of 
p a r a l y s i s .  Tliis view has been  m d e l y  h e ld  and th e  
e x i s t e n c e  of  t h e s e  p a l i n g  f i b r e s  has  never been  q u es t io n ed .
G ie rsb e rg  (1930) and P a rk e r  (1932) r e v iv e d  th e  i d e a  
( o r i g i n a l l y  a t t r i b u t e d  to  B e r t ,  1875? on th e  chameleon) t h a t  
melanophores  m ight be s u b j e c t  t o  double nervous c o n t r o l .  
P a rk e r  o b ta in e d  ev idence  t h a t  t h e  d i s p e r s i o n  fo l lo w in g  nerve 
s e c t i o n  was no t  a p a s s iv e  p ro c e s s  b u t  an a c t i v e  one, which, 
he p roposed ,  was due to  r e p e a te d  d i s c h a rg e s  from th e  c u t  ends 
of  darken ing  f i b r e s .  Between 1932 and 19^2 P a rk e r  
p u b l i s h e d  a s e r i e s  of  p a p e r s  (summarised i n  19^ )  d e s c r ib in g  
ex pe r im en ts  on den e rva ted  t a i l - b a n d s  i n  Fundulus and 
Ameiurus. Two o f  t h e s e  exper im en ts  appear  t o  be c r i t i c a l  
and a t  p r e s e n t  a f f o r d  no more s a t i s f a c t o r y  e x p la n a t io n  th an  
t h a t  advanced by P a rk e r .
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(1) Wyman (192^-) observed t h a t  a small cu t  n ea r  th e  base 
o f  the  caudal f i n  of Fundulus produced a s h a rp ly  d e f in ed  dark 
band running p e r i p h e r a l l y  to  th e  edge of the  f i n .  Tliis 
was a t t r i b u t e d  to  th e  s e c t i o n  of  chromatic  nerve f i b r e s  
running  p a r a l l e l  to  each o th e r  th rough  th e  f i n  and se rv in g  
th e  f i n  melanophores .  VJithin t h i s  denerva ted  band the  
b lood  could be observed to  be f low ing  normally  s ince  the  
v e s s e l s  anastomosed a c ro s s  th e  f i n  rays ;  so c i r c u l a t o r y  
d i s tu r b a n c e  was r u le d  o u t .  I f  t h e  f i s h  were th e n  p laced  
on a white  background the  dark band faded i n  two to  th r e e  
days by r e c e s s i o n  of  i t s  m arg ins .  P a rk e r  suggested t h a t  
t h i s  e f f e c t  was due to  d i f f u s i o n  i n t o  th e  band of chromo- 
n e u ra l  t r a n s m i t t e r  sub s tan ces  from a d ja c e n t  a c t i v e  p a l in g  
f i b r e s .
P a rk e r  (1 9 3^b) produced such a band and when i t  had 
p a le d  com ple te ly ,  made a second, sm a l le r  cu t  w i th in  th e  
d en e rv a ted  a re a .  This  produced a new, sm a l le r  band i n  
e x a c t l y  th e  same way. P a rk e r  argued t h a t  i f  darkening  
were due to  r e l a x a t i o n  of  p a l i n g  tonus ,  r e s e c t i o n  -v i th in  
th e  p a r a ly s e d  r e g io n  should have no e f f e c t ;  t h e r e f o r e  
th e  second response  dem onstra ted  t h a t  an a c t i v e  p ro c e s s  
was in v o lv ed .  L a t e r  (1936, 1937) P a rk e r  demonstra ted  
t h a t  i n  bo th  Fu,ndulus and Ameiurus th e  second c u t  a l s o  
produced a n t i d r o n l c  re spo nses  a n t e r i o r l y  as f a r  as  th e  
f i r s t  c u t .  The absence of a n t i d r o n l c  a c t i v i t y  from the  
f i r s t  c u t  was a t t r i b u t e d  to  d on lnan t  c o n t ro l  by p a l in g
15^.
f i b r e s  who.ch were s t i l l  a c t i v e  i n  th e  r e g io n  concerned. I n  
19^ 1*1 P a rk e r  o b ta in ed  re sponses  from th re e  and even fo u r  
co n se cu t iv e  c u t s ,  each m t h i n  th e  r e g io n  denerva ted  by the  
l a s t .
P a rk e r  (19% ) s t a t e d  t h a t  s i m i l a r  r e s u l t s  had been 
o b ta in ed  by M a ts u s h i ta  (1938) on P a r a s i l u r u s . by Tomita 
(19385  19% ) on P te ro n h v l lu m . by F r i e s  (19%? 19^3) on 
Gobius and two s p e c ie s  of Fundulus . and by P a rk e r  (1937) 
on E o l o c e n t r u s . Osborn (1938) on Ameiurus. F i l t e r  (1938, 
1 9 3 9 ) on Gobius and Wykes (1933) on Ameiurus were a l l  
l i s t e d  as  having f a i l e d  to  o b t a i n  re spo n ses  to  second c u t s .  
P a rk e r  a t t ü b û t e d  t h i s  t o  t h e i r  exper im en ta l  method o r  to  
working a t  t o o  low a te m p era tu re .
Adelman and B u tcher  (1937) performed s i m i l a r  nerve- 
s e c t i o n  and e l e c t r i c a l '  s t i m u l a t i o n  experim ents  on Fundulus 
and were u n ab le  to  support  th e  p re se n ce  of double i n n e r v a t i o n .
(2) P a rk e r  (193%) a p p l ie d  a small co ld  b lock  a t  C^C. 
to  -10°C. to  a new caudal  band, about halfway along i t s  
l e n g t h .  He observed  t h a t  d i s t a l  t o  t l i i s  p o i n t  th e  band 
q u ic k ly  faded ,  whereas p ro x im a l ly  i t  was u n a f f e c t e d .
R ecu t t in g  beyond th e  co ld  b lock  a g a in  produced darkening .  
P a rk e r  argued t h a t  each c u t  produced a su c c e s s io n  of 
im p u lse s  v n th in  th e  darkening  nerve f i b r e s  which could not 
p a s s  th e  l o c a l  c o ld  re g io n ,  w h ile  th e  f i b r e s  beyond the  
b lock  were s t i l l  p o t e n t i a l l y  a c t i v e .
These exper im en ts  cannot be re p e a te d  i n  t h e  minnow
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as  th e  caudal f i n  melanophores of t l i i s  f i s h  a re  too sca rce  
to  form a well d e f in e d  band. Gray (1955a, 1956b) developed 
a tech n iqu e  f o r  p roduc ing  a s i m i l a r  band, m t h o u t  v a s c u la r  
d i s tu r b a n c e ,  on th e  t a i l  nea r  th e  base  of  the  caudal  f i n .
There i s  i n s u f f i c i e n t  room to  perform a second cu t  a t  t h i s  
s i t e  as P a rk e r  d id ,  so Gray performed th r e e  r a t h e r  d i f f e r e n t  
exper im ents  on th e  minnow. I n  each case the  f i r s t  cu t  was 
e f f e c t e d  by s p in a l  s e c t io n  a n t e r i o r  to  the  l 5 t h  v e r t e b r a ,  so 
t h a t  th e  whole s u r fa c e  of  th e  f i s h  was c h r o m a t i c a l ly  
d e n e rv a te d . A f t e r  e ig h t  days on a white  background, when 
a l l  th e  f i s h  had become u n i fo rm ly  p a l e ,  second c u t s  were 
made as f o l l o w s : -
( 1 ) A second s p in a l  s e c t i o n  beh ind  th e  f i r s t  b u t  s t i l l  
a n t e r i o r  to  v e r t e b r a  15. No red a rk en in g  occu rred ,
(2) S e c t io n  of  th e  sym pathetic  ch a in  a n t e r i o r  to  v e r t e b r a  
15. No red a rken ing  occurred .
( 3 ) P e r i p h e r a l  s e c t i o n  a t  th e  base  o f  the t a i l . A t a i l  band 
of d i s p e r s e d  melanophores was formed, bu t  th e  i n t e n s i t y  and 
d u r a t i o n  were much reduced compared m t h  th e  re sponse  o f  th e  
normal f i s h .
A ll  t h r e e  exper im ents  were th e n  repea ted  by Gray on 
s p i n a l - s e c t i o n e d  f i s h  w hich ,  a f t e r  e ig h t  days i n  a w hite  tahli ,  
were t r a n s f e r r e d  to  a b lack  tahlc f o r  a few hours  t o  become 
p a r t i a l l y  b l a c k -a d a p te d .  Experiments  (1) and (2) now showed
some d i s p e r s i o n  f o l l o m n g  th e  second c u t s ,  and i n  ( 3 ) th e  
re sponse  was much s t r o n g e r .  Gray t h e r e f o r e  concluded t h a t
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th e  d i s p e r s io n  due to  a second cu t  could  be obscured or 
sup p ressed  by c o n c e n tra t io n s  of melanophore ag g reg a tin g  
hormone i n  th e  blood on a w hite  background.
P a r k e r 's  i n t e r p r e t a t i o n s  o f  th e s e  e f f e c t s  have been 
much c r i t i c i s e d  (W aring, 19^2; Young, 1950) on th e  grounds 
t h a t  r e p e t i t i v e  d is c h a rg e s  from th e  c u t  ends o f  nerve 
f i b r e s  would no t be expected  to  co n tin u e  f o r  two o r  th re e  
days o r  lo n g e r ,  as  r e q u ire d  by t h i s  th e o ry .  P a rk e r  
however c i t e d  A drian  (1930), Fes sa rd  (1936), Hoagland 
(1 9 3 3 c) , and O 'Shaughnessy and Slome (1935) f o r  ev idence  
o f  s im i l a r  a c t i v i t y  i n  nerve f i b r e s  of h ig h e r  v e r t e b r a t e s .  
The phenomenon d e s c r ib e d  by A drian  i n  senso ry  f i b r e s  of 
mammals does show t h a t  r e p e t i t i v e  d is c h a rg e s  may be due 
to  permanent l o c a l  d e p o l a r i s a t i o n  a t  c u t  ends o f f i b r e s  
and may l a s t  f o r  some' t im e , b u t  th e  c o n d i t io n s  c i t e d  by t h i s  
a u th o r  do no t seem to  be a p p l ic a b le  to  severed  m otor f i b r e s  
i n  t e l e o s t s .  Hoagland s t a t e d  t h a t  s im i l a r  re sp o n se s  i n  
th e  l a t e r a l  l i n e  nerve  o f  Ameiurus l a s t e d  f o r  on ly  15 
m in u te s .
Umrath and W alcher (1950), woiking on Macronodus. have 
produced  th e  o n ly  a l t e r n a t i v e  th e o ry  to  d a te .  According 
to  Gray (1 9 5 5 a ) , th e y  assumed th e  p re se n c e  o f double 
i n n e r v a t io n ,  b u t  suggested  t h a t  th e  o r i g i n a l  d i s p e r s io n  
on c u t t i n g  was due to  th e  sudden l o s s  o f p a l in g  to n u s .  
R epaling  th ey  a t t r i b u t e d  to  th e  development o f  i n j u r y  
p o t e n t i a l s  from th e  c u t  ends o f  th e  p a l in g  f i b r e s  and
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th e y  a ls o  p o s tu la t e d  t h a t  th e  co ld  b lock o f P a r k e r 's  
experim ent a c t i v e l y  s t im u la te d  th e s e  p a l in g  f i b r e s .  This 
th e o ry  i s  r a t h e r  u n s a t i s f a c t o r y  and was s t ro n g ly  c r i t i c i s e d  
by Gray on th e  grounds t h a t  r e p a l in g  does no t occur on a 
b lack  background and so cannot be an a c t iv e  p ro c e s s  due to  
p a l in g  f i b r e  s t im u la t io n .  Gray th e r e f o r e  supported  
P a r k e r ' s  i d e a s .
Thus a t  p r e s e n t  th e r e  seems to  be l i t t l e  j u s t i f i c a t i o n  
f o r  r e j e c t i n g  P a r k e r 's  th e o ry .  On t h i s  b a s i s  h i s  r e s u l t s  
appear to  suggest b u t  no t d i r e c t l y  to  prove th e  p re se n ce  
o f  double in n e r v a t io n .
F u r th e r  ev idence  o f  double in n e r v a t io n  has  been 
produced  by e l e c t r i c a l  s t im u la t io n  exp e rim en ts .  P a ik e r  
and R osenb lueth  (19% ) employed a square-wave s t im u la to r  
connected  to  b i p o l a r  e l e c t r o d e s  on th e  ^ i n  o f  Ameiurus. 
They re p o r te d  t h a t  8 v o l t  p u l s e s ,  ^  -  8 msec, lo n g  and 
d e l iv e r e d  a t  a r a t e  o f  15 -  25 p u l s e s  p e r  second produced 
p a l in g  a f t e r  15 -  25 m in u te s . 6 - 8  v o l t  p u l s e s ,  300  -  
500  msec, lo n g  a t  1 -  2 p u ls e s  p e r  second produced 
darken ing  a f t e r  10 m in u te s . These r e s u l t s  seem to  be 
r a t h e r  u n s a t i s f a c t o r y  f o r  th r e e  re a so n s .
( 1 ) Both s t im u l i  had to  be a p p l ie d  f o r  long  p e r io d s  b e fo re  
th e  resp onse  cou ld  be seen. I t  must be adm itted  t h a t  
normal c o lo u r  changes i n  t h i s  f i s h  a re  r a t h e r  s lu g g is h  
(C h ap te r  IV ), b u t  com parison w ith  th e  resp onse  t im es  
o b ta in e d  w ith  Phoxinus does no t suggest t h a t  d i r e c t
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s t im u la t io n  was being  produced.
( 2) For darken in g , th e  m ark /space  r a t i o s  quoted  v a ry  
betw een 3 / 7  and i n f i n i t y .  Thus th e  s t im u l i  m ight be 
compared w ith  a co n tin u o u s  d i r e c t  c u r r e n t  which could  have 
th e  e f f e c t  o f b lo c k in g  p a l in g  f i b r e s .  The e f f e c t  of 
co n tin uous  c u r r e n t  does no t appear to  have been  i n v e s t ig a t e d  
by P a rk e r  and R osenblueth .
(3) D esp ite  th e  heavy du ty  c y c le  o f  d i r e c t  c u r r e n t  p u ls e s ,  
no a t tem p t was made t o  u se  n o n -p o la r i s a b le  e l e c t r o d e s .
The a c tu a l  s t im u la t in g  c u r r e n t s  would th u s  be complex and 
t h e i r  e f f e c t s  d i f f i c u l t  to  a s s e s s  t h e o r e t i c a l l y .  Never­
t h e l e s s ,  th e  p o s s i b i l i t y  t h a t  m e la n o p h o re -d isp e rs in g  
f i b r e s  were a c t u a l l y  s t im u la te d  cannot be lu le d  o u t.
G ie rsb e rg  (19 3 0 ) , working on P hox inus. d isco v e red  
t h a t  t h e ' e f f e c t s  of e l e c t r i c a l  s t im u la t io n  were re v e rsed  
a f t e r  th e  i n j e c t i o n  o f  a  m ix tu re  o f  e rg o t  ami ne and 
a c e ty lc h o l in e .  He argued t h a t  ergotam ine d ep ressed  th e  
a d re n e rg ic  p a l i n g - f i b r e  system w h ile  a c e ty lc h o l in e  
s e n s i t i s e d  a system o f  c h o l in e rg ic  da iken ing  f i b r e s ,  so 
t h a t  e l e c t r i c a l  s t im u la t io n  th e n  produced d a ik en in g .
V .G ele i (19% ) combined t h i s  te ch n iq u e  w ith  nerve s e c t io n  
and claim ed to  have t r a c e d  th e  pathways o f  th e  darken ing  
f i b r e s  (C h ap te r  l a .  F ig u re  l b ) .  These experim en ts  a re  
r e p e a te d  and c r i t i c i s e d  i n  C hapter VI.
The h i s t o l o g i c a l  p i c t u r e s  produced by B a l lo w itz  (1893) 
show a l a r g e  number o f  sm all nerve  end ings a s s o c ia te d  w ith
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each melanophore and d e r iv e d  from more th a n  one nerve f i b r e .  
There i s  no i n d i c a t i o n  t h a t  th e  d i f f e r e n t  f i b r e s  have 
d i f f e r e n t  p h y s io lo g ic a l  p r o p e r t i e s  b u t  th e  p r e p a r a t io n s  do 
a l lo w  t h i s  p o s s i b i l i t y .  According to  P a rk e r  (1 9 % ) ,
E b er th  and Bunge produced s im i l a r  p r e p a r a t io n s  (1 89 3 -5 ) . 
P i c t u r e s  o f  th e  s k in  o f  Phoxinus by W hitear (1952 ), and 
s l i d e s  produced by s im i l a r  methods by Gray (u n p u b l is h e d ) ,  do 
not show such a r i c h  p ro fu s io n  o f  nerve  end ings around th e  
m elanophores. However P a ik e r  (1933) suggested  t h a t  
chem ical t r a n s m i t t e r s  (neurobum ours), l i b e r a t e d  by 
ch ran a tq p h o re  n e r v e - f i b r e s ,  may d i f f u s e  over q u i t e  l a r g e  
d i s t a n c e s  i n  th e  ^ i n .  I f  t h i s  i s  so , e i t h e r  s in g le  o r  
double  i n n e r v a t io n  could  be m ed ia ted  by nerve end ings ly in g  
rand  only i n  th e  ^ i n  i n  scane s p e c ie s .  The asym m etrical 
re sp o n se s  d e sc r ib e d  by Gray (1955b) a re  s t i l l  p o s s ib le  i n  
t h i s  model, as  re sp o n se s  to  c o n c e n t r a t io n  g r a d ie n ts  o f  
d i f f u s in g  neurohumours.
F i n a l ly  an argument may be advanced on th e  b a s i s  o f 
th e  cu rves  o f  F ig u re  10. Kent ( 1 9 6 O) has shown t h a t  
i n j e c t i o n s  o f a g iv en  amount o f  t e l e o s t  p i t u i t a r y  e x t r a c t  
has  a s t r o n g e r  and more l a s t i n g  b lan ch in g  e f f e c t  on s p in a l -  
s e c t io n e d  minnows th a n  on i n t a c t  f i s h .  The obv ious 
in f e r e n c e  i s  t h a t  ch rom atic  nervous a c t i v i t y  opposes th e  
e f f e c t ,  b u t  i t  i s  d i f f i c u l t  to  see how th e  known p a l in g  
f i b r e s  cou ld  do t h i s .  Thus one m ight assume t h a t  on a 
b la c k  background th e r e  a re  darken ing  f i b r e s  which a n ta g o n ise
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th e  in f lu e n c e  o f  th e  i n j e c t e d  p a l in g  p r i n c i p l e .  But an 
a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  d e n e rv a t io n  s e n s i t i s e s  th e  
m elanophores to  humoral i n f lu e n c e s .  The p a l in g  f i b r e s  
a r e  p ro b ab ly  a d re n e rg ic ,  and in c re a s e d  s e n s i t i v i t y  to  
a d r e n a l in  a f t e r  d e n e rv a t io n  has been  dem onstra ted  f o r  
t e l e o s t  m elanophores by Smith (1 9 % ) ;  i t  was a l r e a d y  w ell 
known f o r  o th e r  autonomic e f f e c t o r s .  I t  i s  no t c l e a r  
however w hether t h i s  change i s  ex tended to  o th e r  ag e n ts  
which produce th e  same re sp onse . There i s  no ev idence 
f o r  a s t r u c t u r a l  a f f i n i t y  betw een a d r e n a l in  and th e  a c t iv e  
p r i n c i p l e  o f  t e l e o s t  hypophysis  e x t r a c t s ,  and th e  l a t t e r  i s  
p ro b a b ly  no t sympathomimetic i n  o th e r  r e s p e c t s .  S p ina l 
s e c t i o n  may a l s o  be re s p o n s ib le  f o r  d e c re a s in g  th e  a c t i v i t y  
o f  t i s s u e s  r e s p o n s ib le  f o r  e x t r a c t in g  th e  hormone from th e  
b lood  and i n a c t i v a t i n g  o r  e x c re t in g  i t .
The l i t e r a t u r e  on t h i s  s u b je c t  th u s  ap pears  t o  le a v e  
th e  case  f o r  double in n e r v a t io n  unproven . Experim ents 
have been  re p o r te d  whose e x p la n a t io n  i s  made e a s i e r  by 
p o s t u l a t i n g  a double  system , b u t  l i t t l e  d i r e c t  ev idence  o f  
i t s  e x is te n c e  has been  o b ta in e d .  Some p a r t  o f  t h i s  woik 
was t h e r e f o r e  devoted  to  a f u r t h e r  i n v e s t i g a t i o n  o f  th e  
problem .
c .  S e l e c t i v e  S t i m u l a t i o n .
E l e c t r i c a l  s t i m u l a t i o n  o f  a n y  c h r o m a t i c  n e r v e s  i n  t h e
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minnow produces p a l in g .  S p a t ia l  d i s c r im in a t io n  o f  d i f f e r e n t  
e f f e c t s  i n  d i f f e r e n t  nerve t ru n k s  app ears  to  be im p o ss ib le  
and i f  daricenlng f i b r e s  e x i s t ,  t h e i r  e f f e c t  i s  always 
m a ^ e d .  P o s s ib ly  th e  p a l in g  f i b r e s  a re  more s e n s i t i v e  to  
s t im u la t io n  o r  a re  more v ig o ro u s  i n  t h e i r  e f f e c t .  A 
method o f s e l e c t i v e  s t im u la t io n  was th e r e f o r e  in v e s t ig a t e d  
i n  an a t tem p t to  r e s o lv e  th e  m otor i n f lu e n c e s .
Lapicque (1908a) dev ised  an e l e c t r i c a l  s t im u la to r ,  
d r iv e n  by a m echan ical f ly -w h e e l  and capab le  o f  p roducing  
p u l s e s  o f  v a r io u s  ' s h a p e s ' .  By u s in g  c u r r e n t s  o f  r i s i n g  
i n t e n s i t y  he was a b le  to  s tu d y  th e  r a t e  o f  nerve  
accommodation and d isc o v e re d  t h a t  i t  was g r e a t e r  i n  f i b r e s  
o f  h ig h e r  e x c i t a b i l i t y  and low er th re s h o ld .  By c a r e f u l l y  
a d ju s t in g  th e  r a t e  o f i n c r e a s e  o f  s t im u la t in g  c u r r e n t ,  he 
was a b le  to  s t im u la te  s e l e c t i v e l y  e i t h e r  a  f ro g  o r  a  
s low er to ad  s c i a t i c  n e rv e , when b o th  were mounted on th e  
same p a i r  o f  e l e c t r o d e s .  G astrocnem ius muscle tw i tc h  
was u se d  a s  an i n d i c a t i o n  o f  e x c i t a t i o n .  A f u r t h e r  
s t im u la to r  u s in g  two c a p a c i to r s  (L ap icque , 1908b; Lapicque 
and L ap icque , 1908) p rov id ed  s t im u la t in g  p u ls e s  whose 
tem poral p a t t e r n  i m i t a t e d  t h a t  o f a  nerve  im pulse  and 
a llow ed  more s e n s i t i v e  d i s c r im in a t io n .
Fabre (1927b) p l o t t e d  maximum i n t e n s i t y  th r e s h o ld  
c u rv e s  f o r  saw -to o th  waves ( r i s i n g  l i n e a r l y  and f a l l i n g  
a b r u p t ly  to  zero) o f  d i f f e r e n t  d u r a t io n s ,  o b ta in e d  from 
an e l e c t r o n i c  tim&-base c i r c u i t  (F ab re ,  1927a)» For
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v e ry  s h o r t  d u ra t io n s  th e  th re s h o ld  curve approxim ated  to  
t h a t  produced by square  waves. As th e  p u ls e s  were made 
lo n g e r ,  th e  cu rve  stopped f a l l i n g  tow ards th e  rheobase  
and ro se  i n s t e a d  to  approach a s y m p to t ic a l ly  a s t r a i g h t  
l i n e  which p assed  th ro ugh  z e ro .  The s lope  o f  t h i s  l i n e  
was term ed th e  ' l i m i t i n g  s l o p e ' ,  a s  p u ls e s  o f  low er s lope  
f a i l e d  to  s t im u la te  th e  nerve however f a r  th e  v o l ta g e  
ro s e .  On a f ro g  g a s t ro c n e m iu s - s c ia t i c  p r e p a r a t io n  th e  
s t im u la t io n  curve reached  a minimum a t  about 7 msec, and 
approached th e  l i m i t i n g  s lop e  a t  about 30  msec. The 
l i m i t i n g  s lop e  was b e l ie v e d  to  be a fundam ental p a ram e te r  
o f  th e  nerve as  a measure o f  i t s  r a t e  o f  accommodation.
A f u r t h e r  s t im u la to r  (P ab re , 1931 a) depended on v a r i a t i o n  
o f  th e  a p e r tu re  o f  a p h o t o e l e c t r i c  system and allow ed 
f a s t e r  r i s e - t i m e s  to  be i n v e s t i g a t e d .  Between 1927 and 
1 9 3 ^  Fab re  p u b l ish e d  a number o f p a p e rs  i n  which he 
developed  t h e o r i e s  of e x c i t a t i o n  based  upon th e s e  r e s u l t s .  
Much o f  t h i s  work l e d  to  th e  d e s ig n  o f  t h e o r e t i c a l  
e x c i t a t i o n  c o n s ta n ts  which were s e v e re ly  c r i t i c i s e d  by 
R ushton (1935) # M onnier ( s e e  F abre , 193^) suggested  
t h a t  F a b r e 's  r e s u l t s  were due to  b r e a k - e x c i t a t i o n  r a t h e r  
th a n  to  th e  ascend ing  c u r re n t  s lo p e . But a s e r i e s  o f  
p a p e rs  by B l a i r  (1932a and b ) , H i l l  (1936a and b) and 
R a sh e v ^ y  (19% ) on th e  th e o ry  o f  e x c i t a t i o n  p ro c e s s e s ,  
were a b le  t o  up ho ld  F a b r e 's  cu rves  on m athem atica l grounds. 
The a c t i o n  o f  l i n e a r l y  r i s i n g  c u r r e n t s  has  a ls o  been
1 6 3
i n v e s t i g a t e d  r e c e n t l y  a t  one o r  more nodes o f R anvier by 
F raricenheuser (1953) w ith  c o n f irm a to ry  r e s u l t s .  What­
e v e r  th e  p r e c i s e  mechanism in v o lv e d ,  i t  had been  p o s s ib le ,  
by c o n t r o l l i n g  th e  r a t e  o f  r i s e  o f  s t im u la t in g  c u r r e n t ,  
t o  i n c r e a s e  th e  th r e s h o ld  o f  q u ick , s e n s i t i v e  f i b r e s  
above t h a t  o f  s low er, l e s s  s e n s i t i v e  ones. I t  was 
d ec id ed  to  a t tem p t t h i s  te ch n iq u e  on th e  ch rom atic  
n e rv es  o f  th e  minnow and a s t im u la to r  was developed f o r  
th e  purpose .
d. The F l i c k e r t r o n  S t im u la to r .
A square-wave g e n e ra to r  a v a i l a b l e  a t  th e  commencement 
o f t h i s  work, had been  b u i l t  to  a d e s ig n  p u b l is h e d  by 
B e r n s te in  (1950 ). T his  was u sed  to  g a te  th e  p r e s e n t  
s t im u la to r  a f t e r  s l i g h t  m o d i f ic a t io n  as  shown i n  F ig u re  13. 
Two l e a d s  were a t ta c h e d  to  (0 .0 0 2 y/F) so t h a t  e x te r n a l  
c a p a c i ta n c e s  could  be connected  i n  p a r a l l e l ,  t o  in c r e a s e  
th e  p u l s e - l e n g th  i f  r e q u ir e d .  The t im e -c o n s ta n t  o f  th e  
o u tp u t  c i r c u i t  was in c r e a s e d  a c c o rd in g ly  by changing 
from 0 . 25y^F to  1 . 0 yxF.
The f i n a l  c i r c u i t  o f  th e  F L ic k e r t ro n  p u ls e -s h a p in g  
i s  shown i n  F ig u re  19 . The square-wave g e n e ra to r  fed  
i n t o  a p h a s e - in v e r t in g  a m p l i f i e r  which g a ted  a M i l l e r  
i n t e g r a t o r  p roduc ing  a saw -to o th  p u ls e  ( f o r  t h i s  re a so n  
saw -to o th  p u ls e s  a r e  sometimes r e f e r r e d  to  a s  M i l l e r  
p u l s e s  i n  t h i s  t h e s i s ) .  A Gibbs and Rushton ca thode
F(l<^ure 1 8 .
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fo l lo w e r  was u se d  i n  th e  c o n t r o l - g r id  c i r c u i t  to  a llow  
low  s lo p e s  to  be g e n e ra te d .  A v e ry  s im i l a r  arrangem ent 
was l a t e r  found to  be used  i n  a s t im u la to r  designed  by 
Dr. Malcolm o f  th e  M edical R esearch  Council U n it)  M i l l  
H i l l  ( p r i v a t e  com m unication). The s ig n a l  was th e n  
i n v e r t e d  and fe d  to  a c a th o d e - fo l lo w e r  b ia s e d  j u s t  to  
c u t - o f f .  and R^  ^ c o n t r o l l e d  th e  s lo p e , Ri^  th e  c u t - o f f
b i a s  and R  ^ th e  am p litu d e . The o u tp u t  impedence was 
found to  be much lo w er th a n  t h a t  o f  th e  B e rn s te in  c i r c u i t  
and th e  v o l ta g e  s t a b i l i s a t i o n  was improved proportion^, 
a t e l y .  A sw itch  was t h e r e f o r e  f i t t e d  to  b y -p a ss  th e  
M i l l e n - i n t e g r a t o r  c i r c u i t  and p ro v id e  square  waves a t  
th e  o u tp u t  i f  d e s i r e d .  The power c i r c u i t  f o r  th e  
d ev ice  i s  shown i n  F ig u re  20.
The p u ls e s  were fed  th ro ugh  a r a d io - f re q u e n c y  
o u tp u t  s ta g e .  T h is  was b u i l t  t o  a M edical R esearch  
Council d e s ig n  b u t  was m o d if ied  to  u s e  a th e rm io n ic  
d iode  i n s t e a d  o f  a sem i-co nduc to r  c r y s t a l  i n  o rd e r  to  
reduce  th e  o u tp u t  impedance (F ig u re  20). T his  u n i t  
was in c lu d e d  to  i s o l a t e  th e  o u tp u t  from e a r th ,  i n  case  
s t r a y  l e a k s  produced unwanted c u r r e n t s .  However, as  
a l l  s ig n a l s  were m on ito red  and t h e i r  v o l ta g e s  m easured 
by a C ossor 1049 o s c i l lo s c o p e ,  an  e a r t h  co n n e c t io n  had 
t o  be made, and th e  o u tp u t  was talcen i n  b a lan c e  about 
i t  a s  shown. F i n a l l y  a  tw o-po le  d o u b le -th row  sw itch  
a llow ed  th e  phase  o f  th e  p u l s e s  to  be re v e rs e d  a t  w i l l .
R <^u.r-e 2 O.
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A p la n  o f  th e  l a y o u t  o f  th e  com plete  equipment i s  shown 
i n  F ig u re  21.
The e l e c t r o d e s  u se d  were s i l v e r / s i l v e r - c h l o r i d e ,  
s e a le d  i n  g l a s s  tu b e s  w ith  m ercury  t o  c o n ta c t  amalgamated 
copper w ire s  from th e  s t im u la to r .
P re l im in a ry  t e s t s  were made w ith  t h i s  c i r c u i t  on 
s c i a t i c - g a s t r o c n e m iu s  p r e p a r a t io n s  o f  f ro g  ( Rana 
temp o r  a r ia )  and to a d  ( Bufo v u l g a r i s ) . I s o l a t e d  
p r e p a r a t i o n s  were a t ta c h e d  to  an un loaded  l e v e r  w ith  
which th e  tw i t c h - th r e s h o ld  f o r  s in g le  shocks was 
e s t im a te d .  The nerve  was l a i d  upon e le c t r o d e s  1 cm. 
a p a r t  w ith  th e  ca tho de  n e a re r  th e  m uscle (descend ing  
c u r r e n t ) .  E ig h t  f r o g  p r e p a r a t io n s  were t e s t e d  and 
t y p i c a l  s t r e n g th - d u r a t io n  cu rves  a re  shown i n  F ig u re  22.
F o r square  waves th e  curve was o f normal shape, approach ing  
th e  rheobase  a s y m p to t ic a l ly .  For saw -to o th  p u l s e s ,  
where th e  v o l ta g e  m easured was th e  pealt v a lu e ,  th e  cu rve  
fo llo w ed  c l o s e l y  t h a t  d e sc r ib e d  by Fabre (1 9 2 7 b ) , w ith  
th e  e x c e p t io n  o f  r a t h e r  low er th r e s h o ld s ,  p ro b a b ly  due 
t o  th e  u s e  o f  n o n - p o la r i s a b le  e l e c t r o d e s .  The l i m i t i n g  
s lo p e  was found t o  v a ry  somevrfiat betw een d i f f e r e n t  
p r e p a r a t io n s  and w ith  t im e . As shown i n  F ig u re  23, when 
a  p r e p a r a t i o n  was l e f t  q u ie s c e n t  b u t  m ois tened  w ith  
R inger f o r  some h o u rs ,  th e  rheobase  ro se  and th e  saw -to o th  
p u ls e  cu rve  assumed a humped shape. T h is  was observed  
i n  a l l  th e  f i v e  p r e p a r a t io n s  which were l e f t  t o  s tan d
/6c|,
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b efore  r e te s t in g . A d e sc r ip tio n  o f such changes cannot 
be found i n  the l i t e r a t u r e .  Fabre (1931b) reported  a 
great in crea se  i n  the l im it in g  slop e  during ageing but 
he does not appear to  have d escrib ed  the shape o f the  
l a t e r  curve.
Five s im ila r  p rep aration s from the toad were te s te d .  
Threshold curves fo r  square-waves were s im ila r  to  th ose  
o f  the frog  but a r i s e  in  th resh o ld  fo r  'M ille r  pulses*  
on ly  occurred when very  lon g  p u lse s  were used (more than  
50 m se c .) , and the l im it in g  s lop e was much low er.
Changes in  the shape o f the curves o f ageing p rep aration s  
occurred as fo r  th e fro g .
In  another experim ent two p rep ara tion s, one from a 
frog  and one from a toad , were a ttached  to  separate le v e r s  
and both nerves were p laced  over th e same e le c tr o d e s .
The th resh o ld s fo r  both nerves were ra ised , presumably 
by mutual shunting, but d i f f e r e n t ia l  s tim u la tio n  was 
e a s i ly  accom plished. Square p u ls e s , below th resh o ld  
fo r  the toad nerve, produced strong co n tra c tio n s  o f the  
fro g  m uscle, w h ile  th e op p o site  r e s u lt  was obtained by 
M ille r  p u lse s  o f  lo n g er  than msec, duration .
Lapicque (1908a) s ta te d  th a t th e  th resh o ld  curves  
crossed  a t 30  -  hO m sec ., so th e r e s u lt s  obtained  here 
confirm  h is  o r ig in a l f in d in g s  very  c lo s e ly .
Further experim ents were performed on lon g  s c ia t i c -  
nerve p rep aration s o f  the fr o g . Nerve im p u lses, about
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h cm. from th e  s t im u la t in g  e l e c t r o d e s ,  were examined by 
p la t in u m  e le c t r o d e s  fe e d in g  an Ediswan p r e a m p l i f i e r  and 
o s c i l lo s c o p e .  For s h o r t  s u p ra l im in a l  square  waves th e  
and '6 e l e v a t io n s  o f  th e  com posite p u ls e  cou ld  be 
r e a d i l y  i d e n t i f i e d .  By u s in g  M i l l e r  p u ls e s  o f  g ra d u a l ly  
d e c re a s in g  s lop e  th e  cx, and e l e v a t io n s  appeared  to  be 
s u c c e s s iv e ly  e l im in a te d .  S e le c t iv e  s t im u la t io n  cou ld  
n o t  be p roven  s in c e  th e  low er s lo p e s  produced s e q u e n t ia l  
s t im u la t io n  and th e  o sc i l lo g ra m  became much changed i n  
appearance . S im i la r ly  Fabre d e s c r ib e d  s tepped  con­
t r a c t i o n s  o f  m uscle when th e  m otor nerve  was s t im u la te d  
by lo n g  saw -to o th  p u l s e s  of low s lo p e .  A s e p a ra te ,  
synchronous o f f - d i s c h a r g e ,  due to  b reak  e x c i t a t i o n  
cou ld  be seen  when th e  p u ls e  d u r a t io n  and s lope  were 
in c r e a s e d  s u f f i c i e n t l y .  T h is  c o n t r a d i c t s  Monnier* s 
c r i t i c i s m  t h a t  Fabre* s r e s u l t s  were due to  brealc 
e x c i t a t i o n .
e . A T e le o s t  P r e p a ra t io n ;  E xperim en ta l Method.
S ev e ra l  expe rim en ts  were made w ith  d e c a p i ta te d  and 
a n a e s th e t i s e d  minnows i n  an  a t te m p t t o  s t im u la te  
ch rom atic  f i b r e s  i n  th e  ^ i n ,  s p in a l  cord o r  sy m p a th e tic  
c h a in .  S ev era l ty p e s  o f  R inger, R Lnger-agar, and wick 
e l e c t r o d e s  were employed i n  o rd e r  n o t  t o  damage th e  
d e l i c a t e  sym p a th e tic  ch a in . F a i lu r e  to  m easure
1 7 ^ .
t h r e s h o ld s  a c c u r a t e ly  and r e p e a ta b ly  was a t t r i b u t e d  to  
i n s u f f i c i e n t  l o c a l i s a t i o n  o f th e  e le c t r o d e  and to  
e x c e s s iv e  sh u n tin g  and c a p a c i t a t i v e  e f f e c t s  w i th in  th e  
body o f  th e  f i s h .  The requ irem en t was a s e c t i o n  of 
ch rom atic  nerve which could  be l o c a l l y  i s o l a t e d  f o r  
s t im u la t io n .  Only th e  s u p e r f i c i a l  ophthalm ic nerve  
w i th in  th e  o r b i t  appeared  to  be s u i t a b l e  f o r  t h i s  
p u rp o se . D is s e c t io n  showed t h a t  when th e  eye was 
removed a s h o r t  loop  of t h i s  nerve  cou ld  be f r e e d  from 
th e  co n n e c t iv e  t i s s u e s  and p ic k e d  up on a sm all hock.
S u i ta b le  e l e c t r o d e s  were c o n s t ru c te d  o f 4o S.W.G. 
(= 0 .122  mm. d iam ete r)  s i l v e r  w ire , s e a le d  w ith  
'A r a ld i te*  i n t o  sm all g la s s  tu b e s  and s l i g h t l y  b e n t  
n e a r  th e  end. They were l i g h t l y  c h lo r id e d  u n d e r  
c o n t r o l l e d  c o n d i t io n s .  A p ro to ty p e  m a n ip u la to r  was 
made from Meccano and f i n a l l y  c o n s t ru c te d  i n  th e  form 
shown i n  F ig u re  2^. The e l e c t r o d e  assem bly was h e ld  
by C hatte r ton*  s compound on to  a sm all U-shaped s p r in g ,  
*^* w ide, which was i n  t u r n  a t t a c h e d  to  th e  s h o r t  arm 
o f  a ho llow  f i r s t - o r d e r  l e v e r .  The fu lcrum  of th e  
l e v e r  c o n s i s te d  o f  a sphere  clamped betw een two d r i l l e d  
and b e v e l le d  p l a t e s .  D isplacem ent o f  a knob on th e  
lo n g  s h a f t  produced  movements i n  two dim ensions o f  a rc  
w ith  an  am plitude  r e d u c t io n  o f  2 1 :1 , w h ile  r o t a t i o n  
o f  t h i s  knob tu rn e d  th e  whole s t r u c t u r e  about i t s  
l o n g i tu d i n a l  a x i s .  R o ta t io n  o f  a second knob, on an
i7s:
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i n n e r ,  c o n c e n t r ic  s h a f t ,  t e rm in a t in g  i n  a s h o r t  l e n g th  
o f  s tu d d in g ,  c o n t r o l l e d  f l e x u r e  o f  th e  s p r i i ^  and 
p ro v id e d  movement i n  th e  t h i r d  d im ension . S ince a l l  
movements execu ted  by th e  e l e c t r o d e  t i p  were a long  a r c s ,  
s l i g h t  com pensatory movements i n  th e  o th e r  d i r e c t i o n s  
were r e q u ir e d  i n  o rd e r  to  fo l lo w  a s t r a i g h t  l i n e .  
N e v e r th e le s s  a f t e r  a  l i t t l e  p r a c t i c e  w ith  a b in o c u la r  
m icroscope  a s u f f i c i e n t  degree o f accu racy  was ach ieved . 
The whole d ev ice  was c o n t r o l l e d  w ith  one hand.
The e l e c t r o d e  could  be h e ld  r i g i d l y  i n  any 
p o s i t i o n  by t i g h te n in g  th e  clam ping n u t .  For c o a rse  
a d ju s tm en t  th e  d ev ice  was mounted on a s h o r t  arm 
te rm in a t in g  i n  a  second b a l l - j o i n t ,  which co u ld  a l s o  be 
clamped r i g i d l y .  F i n a l ly  th e  b ase  o f  th e  m a n ip u la to r  
was clamped t o  th e  o p e ra t in g  t a b l e  w ith  a  sm all G-clamp.
The ex p e r im e n ta l  p ro ced u re  was a s  fo l lo w s .  A 
f i s h ,  deep ly  a n a e s th e t i s e d  i n  0 .5^  u r e th a n e ,  was l a i d  
upon  th e  wax o p e ra t in g  d is h  w ith  an  o r a l  supp ly  o f  
0 .25^ u re th a n e  and a l a r g e  s i l v e r / s i l v e r - c h i o r i de 
e l e c t r o d e  b en e a th  i t s  b e l l y .  R o l ls  o f  R inger-soaked  
f i l t e r  p a p e r  were p la c e d  t o  su p p o rt  th e  body a t  th e  
r i g h t  an g le  and t o  p re v e n t  i t  from s l ip p in g  ab ou t.
Under a  d i s s e c t i n g  m icroscope a  c a r e f u l  i n c i s i o n  was 
made round th e  eye , th e  e x t r i n s i c  m uscles  and th e  o p t i c  
nerve  were c u t  i n  t u r n ,  and th e  eye was removed. The 
exposed o r b i t  was washed f r e q u e n t ly  w ith  R inger.
177.
% t h  f i n e  hooks th e  s u p e r f i c i a l  ophthalm ic nerve 
was f r e e d  from th e  c o n n e c tiv e  t i s s u e s  su rround ing  i t ,  b u t  
was no t c u t  o r  damaged. Care was ta k e n  no t to  cu t  th e  
b lo o d -v e s s e l  which l a y  a lo n g s id e  t h i s  n e rv e , f o r  a l th o u g h  
Smith ( 1931b) had dem onstra ted  th e  p re se n ce  o f  a 
c o l l a t e r a l  b lood  supp ly  to  th e  re g io n  se rved , th e  r e l e a s e  
o f  b lood  reduced v i s i b i l i t y  f o r  some tim e . The sm a lle r  
e l e c t r o d e  was th e n  p o s i t io n e d  somewhere i n  th e  o r b i t ,  
m an ip u la ted  to  p ic k  up th e  loop  o f  nerve and clamped. 
F i n a l l y  th e  o r b i t  was d ra in e d  w ith  a p i p e t t e  and r e f i l l e d  
w ith  c le a n  l i q u i d  p a r a f f i n .  A pho tograph  o f such a 
minnow i s  shown i n  F ig u re  25.
I n  o th e r  experim en ts  th e  same nerve was c u t  w ith o u t 
b e in g  s t im u la te d  e l e c t r i c a l l y .  I n  th e s e  c a se s  a sm all 
d o r s a l  i n c i s i o n  was made, 3 -  ^  mm. i n  l e n g th .  When th e  
eye was g e n t ly  d e p re sse d , th e  s u p e r f i c i a l  ophthalm ic 
ne rv e  could  be lo c a te d  and seve red . A s in g le  s t i t c h  
o f  f i n e  ny lon  th roug h  th e  ep id e rm is  su tu re d  th e  wound 
s a t i s f a c t o r i l y ,  and th e  f i s h  reco v e re d  co m p le te ly . This 
method caused f a r  l e s s  d is tu rb a n c e  th a n  t h a t  of Smith 
( 1931b ) ,  whereby e i t h e r  th e  whole eye o r  "a  t r i a n g u l a r  
s e c t i o n  o f  th e  o r b i t "  was removed.
f . R e s u l t s .
These te c h n iq u e s  were f i r s t  employed a t  Plymouth 
on C o ttu s  b u b a l i s  which has  a l a r g e  o r b i t .  The s p e c ie s
Pc Q u.re 2  5. 178.
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s to o d  up w ell to  o p e r a t iv e  te c h n iq u e s  and was tho ugh t to  
p o s s e s s  chrom atic  n e rv e s  ( s e e  C hapter IV ). F ig u re  26c 
shows th e  e f f e c t  o f s e c t io n  o f  th e  s u p e r f i c i a l  
oph tha lm ic  nerv e . T his  was perform ed on th e  l e f t  s id e  
i n  two f i s h e s  and produced maximal darken ing  i n  th e  
a r e a  shown. As s t a t e d  i n  C hapter IV, th e  head o f  t h i s  
s p e c ie s  darkens a f t e r  a tim e even on w hite  backgrounds, 
and th e  p a tc h  was th u s  soon obscured . The f i s h  were 
t h e r e f o r e  k e p t  i n  b lack  ta n k s  and p e r i o d i c a l l y  p la c e d  
i n  w h ite  ones t o  p roduce tem porary  p a l in g  o f  th e  re g io n s  
n o t a f f e c t e d  by th e  o p e ra t io n .  I n  t h i s  way th e  
d en e rv a ted  p a tc h e s  were observed  f o r  f i v e  days i n  one 
f i s h .  A v e ry  s t r i k i n g  f e a t u r e  o f th e  p a tc h  was th e  
sh a rp n e ss  o f  i t s  b o u n d a r ie s ,  th u s  d em o n s tra tin g  th e  
p r e c i s e  a r e a  served  by th e  nerve  beyond th e  p o in t  o f  
s e c t io n .  S ince  th e  f i s h  were m a in ta in e d  i n  b lack  
ta n k s ,  m arg in a l p a l in g  due to  in v a d in g  neurohumors 
d id  n o t  occur.
E v e n tu a l ly  b o th  f i s h  were r e a n a e s th e t i s e d  i n  t u r n  
and th e  r i g h t  s id e s  u se d  f o r  e l e c t r i c a l  s t im u la t io n  as  
shown i n  F ig u re  26a. The d o t te d  l i n e  of t h i s  diagram  
shows th e  r e g io n  b lanched  by e l e c t r i c a l  s t im u la t io n .  
Again th e  boundary  was v e ry  sh a rp ,  m atching e x a c t ly  
th e  a r e a  darkened  by nerve  s e c t io n .  Thus i t  may be 
assumed t h a t  m elanophore a g g re g a t io n  was a d i r e c t  
r e s u l t  o f  nerve  s t im u la t io n  and was no t due to  more .
I80
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g e n e ra l  s t im u la t io n .
S t r e n g th - du r a t i o n  cu rves f o r  th e s e  two p r e p a r a t io n s  
a r e  shown i n  F ig u re  27* I n  F ish  1 th e  cu rv es  a re  more o r  
l e s s  as  expected  excep t t h a t  th e  M i l l e r  curve i s  s l ig h t ly -  
humped as  i n  th e  age ing  p r e p a r a t io n s  o f  th e  f ro g  s c i a t i c -  
ne rv e . I n  F ish  2 th e  c e n t r a l  end o f  th e  nerve  was cu t 
and th e  end wrapped i n  f i l t e r  p a p e r  which had been  soaked 
i n  1^ p ro c a in e  s o l u t io n  i n  R inger, to  p re v e n t  i n j u r y  
d is c h a rg e s .  T h is  was done i n  an  a t tem p t to  e l im in a te  
a f f e r e n t  im p u lse s  and to  r e s t r i c t  s t im u la t io n  to  th e  
m otor f i b r e s .  The much h ig h e r  th re s h o ld  v a lu e s  in d ic a te d  
t h a t  some damage had been  produced and th e  te ch n iq u e  was 
d is c o n t in u e d .  Ho r i s e  i n  M i l l e r  th r e s h o ld  f o r  th e  lo n g e r  
p u l s e s  was d e te c te d ,  a l th o u g h  v e ry  lo n g  p u l s e s  were no t 
t r i e d ;  a to ad  s c i a t i c - n e r v e  m ight have produced curves 
o f  s i m i l a r  shape over th e  same ran ge . I n  eve ry  case  
e l e c t r i c a l  s t im u la t io n  produced qu ick  and com plete 
m elanophore a g g re g a t io n  w i th in  th e  a f f e c t e d  a r e a ,  and 
th e r e  were no s ig n s  o f  th e  s t im u la t io n  o f  d a ik en in g  f i b r e s .  
C e s s a t io n  o f  s t im u la t io n  was fo llo w ed  by slow re co v e ry , 
ta k in g  2 - 3  m in u te s ,  t o  an in t e r m e d ia te  s t a t e  s im i l a r  
t o  t h a t  over th e  r e s t  o f  th e  head.
S im ila r  expe rim en ts  on th e  minnow a re  i l l u s t r a t e d  
i n  F ig u re  26b and d. The l e f t  s u p e r f i c i a l  oph tha lm ic  
n e rv e  was c u t  i n  f i v e  f i s h e s  which were th e n  r e tu rn e d  to  
a w h ite  background. Complete d i s p e r s io n  was observed
F l c ^ U - r e  2 7 .
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i n  each f i s h  i n  th e  a re a  shown i n  P lg u re  26d. This 
co n f irm s  th e  r e s u l t s  o f  v .F r i s c h  (1911a) and o f  Smith (1931b). 
A f te r  7 - 9  ho u rs  each p a tc h  had faded  somewhat and th e  
m arg in s  were l e s s  d i s t i n c t .  A f t e r  24 hours  th e  p a tc h e s  
had e i t h e r  d isa p p e a re d  o r  were b a r e ly  d i s t in g u i s h a b l e .
I n  a l l  c a se s  d i s p e r s io n  d id  no t ex tend  below th e  l e v e l  o f 
th e  u p p e r  jaw. The la c k  o f  m arg in a l f a d in g ,  a s  observed 
i n  t a i l - b a n d  c u ts  (Gray, 1955a; P a rk e r  1934a) was a ls o  
observed  f o r  d en e rv a ted  c e p h a l ic  a r e a s  o f Ameiurus by 
P a rk e r  (1941).
I n  a f u r t h e r  experim ent th r e e  f i s h  were subm itted  to  
a n t e r i o r  s p in a l  cord  s e c t io n  and r e tu rn e d  to  a w h ite  ta n k , 
i n  one case  f o r  t h r e e  weeks and i n  th e  o th e r  two f o r  
e ig h t  days. At th e  end of th e s e  t im e s  th e  e f f e c t s  of 
d e n e rv a t io n  had d isa p p e a re d  and th e  f i s h  were u n ifo rm ly  
p a le .  I n  each f i s h  th e  s u p e r f i c i a l  ophthalm ic  nerve  was 
th e n  cu t  on th e  l e f t  s id e .  The newly d en e rv a ted  p a tc h e s  
o f  th e s e  f i s h  showed on ly  s l i g h t  darken ing  and r a t h e r  
i r r e g u l a r  edges. Iflien th e  f i s h  were r e tu rn e d  to  a w h ite  
ta n k ,  th e  p a tc h e s  fad ed  co m p le te ly  i n  1 -  1^  h o u rs .
These e f f e c t s  were s im i l a r  to  th o se  o b ta in e d  by Gray f o r  
t a i l - b a n d  s e c t io n  a f t e r  s p in a l  s e c t io n  (C h ap te r  Vb), and 
confirm  t h a t  d a rken in g  a f t e r  d e n e rv a t io n  i s  no t a p a s s iv e  
p ro c e s s .
E l e c t r i c a l  s t im u la t io n  o f th e  s u p e r f i c i a l  ophthalm ic 
n e rv e  o f  th e  minnow produced com plete  a g g re g a t io n  w i th in
l ô h .
th e  a r e a  shown i n  F ig u re  26b. T h is  m atches e x a c t ly  th e
a r e a  daifcened by d e n e rv a t io n .  The f i r s t  p a l in g - th r e s h o ld
cu rv e  o b ta in e d  from one o f  th e s e  p r e p a r a t io n s ,  by ca th o d a l 
sq u a re  p u l s e s ,  i s  shown i n  F ig u re  2 8 . I t  i s  o f  p e r f e c t l y  
normal f o m -  Ten p r e p a r a t io n s  were made from i n t a c t  f i s h  
and th r e s h o ld  d e te rm in a t io n s  were made on each . Pour 
d i f f e r e n t  ty p e s  o f  p u ls e  were i n v e s t i g a t e d ;  square  and 
saw -to o th  ( M i l l e r ) ,  b o th  anodal and c a th o d a l .  The f i r s t  
measurement made on each p r e p a r a t io n  was checked a t  
f r e q u e n t  i n t e r v a l s  and when i t  began to  r i s e  no f u r t h e r  
m easurem ents were made. I n  o n ly  one ca se  was i t  p o s s ib le  
to  o b ta in  complete cu rves  f o r  a l l  f o u r  ty p e s  o f  p u l s e ,  and 
th e s e  a r e  shown i n  F ig u re  29. S im i la r  cu rv es  were found 
i n  a l l  th e  o th e r  p r e p a r a t io n s .  I n  two p r e p a r a t io n s  th e  
e f f e c t  o f  p u l s e - r e p e t i t i o n  r a t e  was i n v e s t i g a t e d  f o r  
5 . 0  msec, and 0 . 5  msec, square  p u l s e s ,  betw een 1 / 2  sec . 
100 / s e c .  No changes i n  th r e s h o ld  o r  re spon se  r a t e  cou ld  
be d e te c te d .  The r a t e  o f  2/ sec . was th e r e f o r e  made 
s ta n d a rd  so t h a t  lo n g e r  p u l s e s  cou ld  be d e l iv e re d  w ith o u t 
change i n  f re q u en cy .
These cu rv es  p r e s e n t  s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  
There were no d i s c o n t i n u i t i e s  which m ight su g g es t  th e  
p re se n c e  of a  second, opposing system of nerve  f i b r e s ,  and 
m elanophore d i s p e r s io n  was n ev e r  observed i n  re sp o n se  to  
e l e c t r i c a l  s t im u la t io n .  No r i s e  i n  th re s h o ld  f o r  M i l l e r  
p u l s e s  was ob se rv ed , even when p u l s e s  s e v e ra l  hundred
18 s:
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m il l i s e c o n d s  i n  d u r a t io n  were u se d . This i s  i n  c o n t r a s t  
t o  one o f  th e  C o ttu s  b u b a l i s  p r e p a r a t io n s .
Most s u r p r i s in g  o f  a l l  was th e  e f f e c t i v e n e s s  o f  anodal 
u n i p o l a r  s t im u la t io n .  S t im u la t io n  by d i r e c t  c u r r e n t  
p u l s e s  i s  expec ted  to  occur o n ly  a t  th e  ca thod e , b u t  a 
l a r g e  " in d i f f e r e n t*  e l e c t r o d e  p la c e d  below th e  b e l l y  o f  th e  
f i s h  could  on ly  cause  g en e ra l  e x c i t a t i o n .  Yet th e  
m elanophore re sp o n se  to  anodal s t im u la t io n  was j u s t  as 
s t r i c t l y  l im i t e d  to  th e  a r e a  shown i n  P lg u re  26b as  f o r  
c a th o d a l  s t im u la t io n .  I n  p r e p a r a t io n  8 /5  c a th o d a l  
s t im u la t io n  gave a s l i g h t l y  low er th r e s h o ld  th a n  anodal 
p u l s e s  ( f i g u r e  29) b u t  i n  some p r e p a r a t io n s  t h i s  r e l a t i o n  
was re v e rs e d  ( e .g .  1 /5 ,  f i g u r e  3 0 ) .  F u r th e r ,  i n  age ing  
p r e p a r a t io n s ,  when th e  th r e s h o ld  began to  r i s e ,  th e  
c a th o d a l  th r e s h o ld  was s e v e ra l  t im e s  observed to  r i s e  to  
t e n  t im es  i t s  fo rm er v a lu e  w ith o u t  any change i n  th e  
anodal cuirve. The re v e r s e  c o n d i t io n  was n eve r encoun te red . 
T h is  suggested  a p o s s ib le  e x p la n a t io n  f o r  th e  anodal e f f e c t ,  
f i g u r e  31 shows a diagram  of th e  nerve  and s m a lle r  
e l e c t r o d e  w i th in  th e  o r b i t .  During ca th o d a l  s t im u la t io n
( i )  th e  c u r r e n t  must p a s s  th ro ugh  th e  nerve which i s  th e n  
s t im u la te d  i n  th e  r e g io n  o f  th e  ca th ode . Anodal 
s t im u la t io n  m ere ly  r e v e r s e s  th e  c u r r e n t  f lo w  ( i i ) . S ince 
th e  nerve  i s  surrounded  by i n s u l a t i n g  p a r a f f i n ,  th e  c u r re n t  
must l e a v e  th e  nerve  a t  th e  two p o in t s  where i t  r e j o i n s  
th e  body, and th e s e  r e g io n s - w i l l  c o n s t i t u t e  * e f f e c t i v e
18  8 .
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ca thodes* . E x c i t a t i o n  m i l  th e n  occu r, a t  s u i t a b l e  
th r e s h o ld  l e v e l s ,  i n  a r in g  a ro in d  th e  nerve a t  each of 
th e s e  s i t e s .
As th e  p r e p a r a t i o n  ages , i t  may be supposed t h a t  
an o x ia , or o th e r  c o n d i t io n s  of d e p re s s io n ,  w i l l  occu r f i r s t  
a t  p o in t s  f a r t h e s t  from th e  body -  i n  th e  r e g io n  o f  th e  
s m a l le r  e l e c t r o d e .  Thus c a th o d a l  th re s h o ld  w i l l  r i s e  due 
to  reduced  e x c i t a b i l i t y ,  w h ile  f o r  anodal s t im u la t io n  th e  
* e f f e c t i v e  cathodes* w i l l  rem ain e x c i t a b l e  s in c e  th e y  a re  
w i th in  th e  body where th e  b lo o d -c i rc u la t io n  i s  i n t a c t .
S l i g h t  d i f f e r e n c e s  i n  th e  r e l a t i v e  th r e s h o ld s  f o r  anodal 
and ca th o d a l  p u l s e s  i n  d i f f e r e n t  p r e p a r a t io n s  a re  p ro b ab ly  
r e l a t e d  to  s l i g h t  d i f f e r e n c e s  i n  e le c t r o d e  c o n ta c t  and i n  
th e  way i n  which th e  nerve  r e - e n t e r s  th e  c o n n e c t iv e  t i s s u e s .  
The anodal and c a th o d a l  cu rv e s ,  t h e r e f o r e ,  p ro b a b ly  r e l a t e  
to  v e ry  s im i l a r  e f f e c t s .
A f u r t h e r  p r e p a r a t io n  was made from a f i s h  which had 
been  on a w h ite  background f o r  1 1  days, fo l lo w in g  s e c t io n  
o f  th e  sym pathe tic  c h a in  a n t e r i o r  to  v e r t e b r a  15 . A ll 
f o u r  th r e s h o ld  c u rv es  were p l o t t e d  as  shown i n  F ig u re  32. 
They appear to  be no d i f f e r e n t  from th o se  o f  th e  i n t a c t  
f i s h ,  th u s  su g g e s t in g  t h a t  d e g e n e ra t io n ,  a t  l e a s t  o f th e  
p a l in g  f i b r e s ,  had no t o cc u rred  i n  t h i s  re g io n .  S im ila r  
re a d in g s  were made on a f i s h  which had been  s u b je c te d  t o  
a n t e r i o r  s p in a l  s e c t i o n  13 days p r e v io u s ly ,  b u t  a  com plete 
s e t  o f  cu rv es  cou ld  no t be o b ta in e d .  These r e s u l t s
FC.Q u . r e  3  2
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su p p o rt  th e  argum ents o f  C hapter I l f  re g a rd in g  v . F r i s c h ' s  
th e o ry  t h a t  r e v e r s a l  o f  tem p e ra tu re  response  a f t e r  
d e n e rv a t io n  m ight be due to  m o to r-ne rve  d e g e n e ra t io n .
g. C o n c lu s io n s .
I t  i s  c l e a r  t h a t  s t im u la t io n  by d i f f e r e n t i a l  
accommodation f a i l e d  to  d em on stra te  th e  e x is te n c e  o f  double 
i n n e r v a t i o n  f o r  minnow melanophores* But i t  a l s o  produced 
no ev idence  to  th e  c o n t r a ry ,  s in c e  th e  M i l l e r - p u l  se 
th r e s h o ld s  d id  n o t r i s e  a s y m p to t ic a l ly  to  a l i m i t i n g  s lo p e . 
I f  t t i i s  had o c c u rre d ,  d i s t o r t i o n  o r  d i s c o n t i n u i t y  o f  th e  
c u rv e s  m ight have been  expec ted  i f  double in n e r v a t io n  were 
p r e s e n t .  The absence o f  such f e a t u r e s  from cu rv es  which 
in c lu d e d  p u ls e s  o f v e ry  lo n g  d u r a t io n ,  m ight have g iven  
grounds f o r  a rg u in g  a g a in s t  double i n n e r v a t io n .  I n  th e  
c irc u m s ta n c e s  no in f e r e n c e  o f  any k in d  can be made. No 
re a s o n  can be su g g es ted , a t  p r e s e n t ,  t o  e x p la in  why th e  
th r e s h o ld  f a i l e d  to  r i s e  w ith  lo n g e r  p u ls e s .
A f u r t h e r  method of d i f f e r e n t i a l  s t im u la t io n  which has  
been  u sed  w ith  seme su ccess  on n erve-m uscle  p r e p a r a t io n s  
m igh t be t r i e d  h e re .  A co n tin u o u s  d i r e c t  c u r r e n t  has  
been  shown to  b lock  h ig h ly  e x c i t a b l e  f i b r e s  a t  low er l e v e l s  
th a n  s low er, l e s s  e x c i t a b le  f i b r e s  (Wood, 1958)* T h is  i s  
a n o th e r  form o f d i f f e r e n t i a l  accommodation, b u t  does no t 
(depend on t i m e - r e l a t i o n s .  R osenb lueth  (19^1 a 9,nd b) has
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shown t h a t  i n  mammalianmoto3>-nerve f i b r e s  th e  e f f e c t s  of 
d i r e c t  c u r r e n t s  a re  no t n e a r ly  so sim ple as  i s  g e n e ra l ly  
th o u g h t .  S p a t i a l  and tem poral v a r i a t i o n s ,  and changes of 
c u r r e n t  i n t e n s i t y  and e le c t r o d e  s i z e ,  enab le  a wide v a r i e t y  
o f  e f f e c t s  to  be o b ta in e d .  These a re  o f t e n  i n  th e  
o p p o s i te  d i r e c t i o n  to  th o se  ex p ec ted , f o r  example anodal 
f a c i l i t a t i o n  and ca th o d a l  d e p re s s io n .
The same p r e p a r a t i o n  and th e  same s t im u la to r  cou ld  be 
u se d .  By ad ju s tm en t o f (F ig u re  19) a p o s i t i v e  D. C. 
component may be produced a t  th e  o u tp u t  and th e  s t im u la t in g  
p u l s e s  w i l l  be superimposed on t h i s .  By ta k in g  th e  
ca thode lo a d s  to  th e  n e g a t iv e  l i n e  (w ith  s u i t a b l e  in c r e a s e  
i n  r e s i s t a n c e )  e i t h e r  p o s i t i v e  o r  n e g a t iv e  D. C. v o l ta g e s  
co u ld  be p roduced . U n fo r tu n a te ly  t h i s  te ch n iq u e  cou ld  
n o t be i n v e s t i g a t e d  i n  th e  tim e a v a i l a b l e .
R eference to  o th e r  p o in t s  a r i s i n g  from th e s e  
expe rim en ts  w i l l  be made i n  l a t e r  C hap te rs .
CHAPTER VI.
THE EFFECT OF ERGOTAMINE ON CHROMATIC CONTROL.
\
a . I n t r o d u c t i o n .
G ie rsb e rg  (1930) r e p e a te d  sane o f th e  n e r v e - s t im u la t io n
19^.
exp e rim en ts  o f v .F r i s c h  b u t  was u n s a t i s f i e d  w ith  th e  id e a  
o f  a  s in g le ,  m e lan o p h o re -ag g re g a tin g , i n n e r v a t io n .  He 
a rgued  t h a t  i n  such a system th e  s t a t e  o f  m elanophore 
d i s p e r s i o n  must be p a s s iv e  i n  o rd e r  to  e x p la in  th e  qu ick  
a d a p ta t io n  to  a b la c k  background. Many ex p e r im en ts ,  
n o ta b ly  th o se  o f  S paeth  (1916a and b) on i s o l a t e d  s c a le  
m elanophores, had re n d e red  t h i s  u n l i k e l y .  (T h is  i s  a 
p o i n t  which i s  s t i l l  no t s e t t l e d .  P a rk e r  (19^0 , 1948) 
c o l l e c t e d  c o n s id e ra b le  ev idence  t h a t  m elanophores a re  
q u ie s c e n t  a t  any e q u i l ib r iu m  s t a t e  o f  pigm ent d i s p e r s io n  
and a re  o n ly  a c t i v e  when th e  pigm ent g ra n u le s  a re  
m ig ra t in g .  T h is  i s  a l s o  su p p o rted  by th e  work of K in o s i t a  
( 1 9 5 3 ) b u t  i t  cannot be s a id  to  be p roven  c o n c lu s iv e ly . )  
G ie rsb e rg  th e r e f o r e  a ttem p ted  to  f i n d  m elanophore- 
d i s p e r s in g  f i b r e s  by a method employing s e l e c t i v e  b lo ck in g  
and s t im u la t in g  d rug s .
As v . P r i s c h ' s  p a l in g  f i b r e s  were p ro b a b ly  a d re n e rg ic ,  
G ie rsb e rg  sugges ted  t h a t  th e  d a rk en ing  f i b r e s  may be 
c h o l in e r g ic .  I n  o rd e r  to  b lo ck  th e  a d re n e rg ic  system 
he i n j e c t e d  minnows w ith  e i t h e r  n i c o t in e  o r  ergo tam ine . 
P is h  t r e a t e d  w ith  n i c o t in e  became com ple te ly  d a rk ,  
p resum ably  due to  l o s s  o f a g g re g a t in g  to n u s ,  and were 
u n s u i t a b l e  f o r  th e  i n v e s t i g a t i o n  o f  d i s p e r s in g  a c t i v i t y .  
With e rgo tam ine , however, th e  f i s h  darkened f o r  about an 
ho u r  and th e n  p a le d ,  r e g a r d le s s  o f  background c o lo u r .
T h is  was a t t r i b u t e d  t o  an i n i t i a l  l o s s  o f  a g g re g a t in g
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to n u s  fo llow ed  by a d i r e c t  a c t i o n  o f  th e  drug on th e  
e f f e c t o r  c e l l s ,  a l th o u g h  Spaeth  and Barbour (1917) had 
sho rn  t h a t  ergo tam ine phosphate  had l i t t l e  e f f e c t  on th e  
m elanophores o f  i s o l a t e d  Fundulus s c a le s .  S t im u la t io n  
o f  th e  chrom atic  n e rv es  o f  f i s h  i n  t h i s  c o n d i t io n  was 
w ith o u t e f f e c t .  I f  such f i s h  were i n j e c t e d  w ith  
a c e ty c h o l in e  nerve  s t im u la t io n  produced r e v e r s i b l e  
m elanophore d i s p e r s io n .  The in f e r e n c e  was t h a t  a c e ty l ­
c h o l in e  in c re a s e d  th e  e x c i t a b i l i t y  o f  c h o l in e r g ic  n erv es  
and t h a t  th e  p re se n c e  o f a p a ra sy m p a th e t ic  ty p e  of 
i n n e r v a t i o n  was th u s  d em onstra ted .
V .G ele i (19^2) used  t h i s  method, to g e th e r  w ith  nerve- 
sec t i  on te c h n iq u e s ,  to  map th e  co u rse  o f  d i s p e r s in g  f i b r e s ,  
as  V . F r is c h  had e a r l i e r  done f o r  a g g re g a t in g  f i b r e s .  He
p la c e d  a s in g le  s t im u la t in g  e l e c t r o d e  i n  th e  m edu lla
o b lo n g a ta  and an i n d i f f e r e n t  e l e c t r o d e  b en ea th  th e  body 
o f  th e  f i s h .  S e c t io n  of th e  autonomic c h a in  and a o r ta ,  
by a s in g le  k n i f e - t h r u s t  ( a s  u sed  by v .F r i s c h ) ,  p rev en ted  
th e  darken ing  a c t i o n  from ap p ea rin g  more p o s t e r i o r l y ,  
w h ile  re sp o n se s  a n t e r i o r  to  th e  cu t  remained norm al.
S ince  th e  l e v e l  a t  which th e  s e c t i o n  was made had no e f f e c t
upon t h i s  r e s u l t ,  v .G e le i  argued t h a t  th e  d i s p e r s in g  f i b r e s  
must emerge from th e  s p in a l  cord  i n  th e  f i r s t  o r  second 
s p in a l  n e rv es  and th e n  p a s s  p o s t e r i o r l y  i n  th e  autonomic 
c h a in .  T his  c o u rse  i s  shown i n  F ig u re  l b .
U n fo r tu n a te ly  v .G e le i  d id  n o t  a t tem p t e i t h e r  (1) t o
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c o n t ro l  th e  experim ent by r e p e t i t i o n  w ith o u t e rg o t  t r e a t ­
m ent, o r  ( 2) to  t r y  th e  e f f e c t  o f  s t im u la t io n  a t  o th e r  
l e v e l s  i n  th e  nervous system. Because th e  p a th s  
d e s c r ib e d  do no t conform w ith  th e  r e s u l t s  o f H ealey  (1948, 
1954) and Gray (1 9 5 5 a ) , t h i s  ev idence  f o r  double 
i n n e r v a t i o n  was r e in v e s t i g a t e d .
b . S t im u la t io n  Experim ents w ith o u t  Ergotam ine T rea tm en t.
Three normal minnows were a n a e s th e t i s e d  i n  t u r n ,  and 
i n  each a sm all p a r t  o f  th e  m ed u lla  and a n t e r i o r  end o f  th e  
s p in a l  cord was exposed, as  f o r  s p in a l  s e c t io n .  A f i n e  
e l e c t r o d e ,  made from l i g h t l y  c h lo i id e d  4o S.W.G. (= 0.122 mm, 
d iam eter)  s i l v e r  w ire ,  was th e n  i n s e r t e d  i n t o  th e  nerve 
m ass, and a l a r g e r  s i l v e r / s i l v e r - c h l o r i d e  e le c t r o d e  was 
p la c e d  b en ea th  th e  b e l l y  o f  th e  f i s h .  S t im u la t io n  w ith  
square  n e g a t iv e  p u l s e s  2 msec, i n  d u r a t io n  and d e l iv e re d  
a t  a r a t e  o f 10 / s e c .  from th e  F l i c k e r t r o n  s t im u la to r  (s e e  
C hap ter Vd), produced com plete p a l in g  over th e  whole 
s u r fa c e  o f  th e  f i s h .  At a l e v e l  o f  2 .5  V. th e  respo nse  
was com plete , w h ile  p a r t i a l  p a l in g  o ccu rred  down to  2 .0  V. 
The a g g re g a t io n  o f  m e lan in  was r a p id  and co m p le te ly  
r e v e r s i b l e  when s t im u la t io n  was i n t e r r u p t e d .  S u ccess iv e  
c u t s  were th e n  made i n  th e  autonomic cha in , f i r s t  
p o s t e r i o r l y  i n  th e  haemal can a l and l a t e r  i n  th e  body 
c a v i ty  a n t e r i o r  to  v e r t e b r a  l5* These were perform ed by
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a k n i f e  jab  th rough  th e  body w a l l ,  a t  th e  l e v e l s  A and B i n  
F ig u re  33a. Each c u t  i n  t u r n  p re v e n te d  th e  p a l in g  from 
a p p ea r in g  more p o s t e r i o r l y .
I n  th e  case  o f  c u t s  p o s t e r i o r  to  v e r t e b r a  15 , t l i i s  
r e s u l t  i s  to  be ex pec ted  from th e  pathways d e s c r ib e d  by 
v .F r i s c h ;  b u t  on t h i s  b a s i s  p a l in g  should  o n ly  occu r 
b eh ind  a c u t  made a n t e r i o r  to  v e r t e b r a  15# T his  was not 
so. While a c u t  a t  an a n t e r i o r  l e v e l  caused com plete 
d ark en in g  a n t e r i o r l y ,  t h i s  r e g io n  was r e a d i l y  b lanched  
by e l e c t r i c a l  s t im u la t io n  o f  th e  m ed u lla .  No o th e r  r e g io n  
was a f f e c t e d .  The re sp o n se s  were always observed  m icro­
s c o p ic a l ly  i n  o rd e r  to  be q u i t e  su re  o f  t h i s .
Thus V .  G elei ' s experim en t, re p e a te d  w ith o u t  e rg o t  
t r e a tm e n t ,  produced e x a c t ly  th e  same r e s u l t s ,  ex cep t t h a t  
dark en in g  was re p la c e d  by p a l in g .  v . F r i s c h ' s  p a l in g -  
f i b r e  pathways have been  confirm ed by a g r e a t  d ea l of 
ex p e rim en ta l  work, so i t  must be concluded t h a t  some 
a l t e r n a t i v e  pathway was in v o lv e d .  T e s ts  in v o lv in g  th e  
s e c t i o n  o f  v a r io u s  s p in a l  and c r a n i a l  n e rv es  i n  th e  re g io n  
o f  th e  s t im u la t in g  e l e c t r o d e  produced no change i n  th e  
re sp o n se s  and l e d  to  th e  fo l lo w in g  experim en ts .
Three f i s h  were su b je c te d  to  s p in a l  s e c t io n  a n t e r i o r  
to  v e r t e b r a  15, so t h a t  v . F r i s c h ' s  f i b r e s  were occ luded . 
A f te r  a week on a w h ite  background each f i s h  was u se d  f o r  
th e  above experim en t. S t im u la t io n  was perfo rm ed  i n  th e  
s p in a l  cord  a n t e r i o r  to  th e  p o in t  o f  s e c t io n  as  shown i n
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F ig u re  33b, The r e s u l t s  were e x a c t ly  as b e fo re ;  p a l in g  
d id  n o t  occur p o s t e r i o r  t o  any au to nom ic-ch a in  s e c t io n .
Three more f i s h  were su b je c te d  to  double s p in a l  
s e c t io n .  Two p ie c e s  o f s p in a l  co rd , each occupying 
2 - 3  v e r te b r a e  and b o th  a n t e r i o r  t o  v e r t e b r a  1 5 ? were 
removed i n  o rd e r  to  i s o l a t e  a p ie c e  o f  s p in a l  co rd  
6 - 7  v e r te b ra e  lo n g .  The wounds were su tu re d  and th e  
f i s h  r e tu rn e d  to  a w liite tank  f o r  2h hours* At th e  end 
o f  t h i s  tim e each f i s h  was r e a n a e s th e t i s e d  and s t im u la te d  
as  b e f o re ,  b u t  w ith  th e  l o c a l  e l e c t r o d e  p la c e d  i n  th e  
i s o l a t e d  s e c t io n  o f  s p in a l  co rd , as  shown i n  F ig u re  33c.
The r e s u l t s  were e x a c t ly  as  b e fo re ;  c u ts  i n  th e  
autonom ic c h a in  b o th  p o s t e r i o r  to  v e r t e b r a  1 5 ? and l a t e r  
betw een v e r t e b r a  15  and th e  e l e c t r o d e  l e v e l ,  b o th  
p re v e n te d  th e  p a l in g  resp onse  from appearin g  p o s t e r i o r l y .
I n  t h i s  ca se  e x c i t a t i o n  could  n o t p a s s  by e i t h e r
v . F r i s c h ' s  pathways o r  by v . G ele i ' s more a n t e r i o r  pathways.
I n  th e  nex t experim ent two f i s h  were s t im u la te d  a f t e r  
p la c in g  th e  e l e c t r o d e  i n  th e  s p in a l  cord p o s t e r i o r  to  
v e r t e b r a  1 5 ? i n  a r e g io n  g e n e r a l ly  accep ted  to  be 
c h ro m a t ic a l ly  i n a c t i v e  (F ig u re  3^a) . P a l in g  o c c u rre d ,  
a s  b e f o r e ,  over th e  whole body. Cuts i n  th e  autonomic 
c h a in  were made a n t e r i o r  to  v e r t e b r a  15  and p a l in g  th e n  
o ccu rred  on ly  p o s t e r i o r l y  to  th e  s e c t io n .  A f u r t h e r  
c u t  p o s t e r i o r  to  v e r t e b r a  1 5 ? b u t  a n t e r i o r  to  th e  e le c t r o d e ,  
f u r t h e r  r e s t r i c t e d  th e  p a l in g  re sp o n se  to  th e  p o s t e r i o r  
re g io n .
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I n  th e  f i f t h  experim ent s p in a l  s e c t io n  was perform ed 
i n  th r e e  f i s h  j u s t  p o s t e r i o r  to  v e r t e b r a  15* A f te r  24- 
h o u rs  each was s t im u la te d  by an e le c t r o d e  p la c e d  beh ind  
th e  s e c t io n  (F ig u re  34-b). The p a l in g  response  was 
a g a in  r e s t r i c t e d  by c u ts  i n  th e  autonomic c h a in  (b o th  
a n t e r i o r  and p o s t e r i o r  to  v e r t e b r a  1 5 ) to  th e  re g io n  
p o s t e r i o r  to  th e  more p o s t e r i o r  c u t .  I n  t h i s  c a s e ,  as 
i n  th e  l a s t ,  th e  c u t s  r e s u l t e d  i n  com plete l o s s  o f 
c i r c u l a t i o n  i n  th e  re g io n  where re sp o n se s  were observed , 
s in c e  th e  a o r ta  was severed  w ith  th e  ch a in . T his  te n d s  
t o  d is c o u n t  any su g g e s t io n  t h a t  th e  re sp onse  was 
m ed ia ted  by b lo o d -b o rn e  su b s ta n c e s .
Double p o s t e r i o r  s p in a l  s e c t i o n  was perform ed upon 
th r e e  f u r t h e r  f i s h ,  which were l a t e r  s t im u la te d  by an 
e l e c t r o d e  p lace d  w i th in  th e  i s o l a t e d  p ie c e  o f  s p in a l  cord 
(F ig u re  S^-c). The ' i s l a n d s '  p re p a re d  i n  t h i s  way were 
o n ly  4- com plete v e r te b r a e  lo n g ,  due to  th e  sm all s iz e  of 
th e  s p in a l  cord p o s t e r i o r l y .  N e v e r th e le s s  p a l in g  was 
o b ta in e d  e x a c t ly  as  b e fo re .  A gain c u ts  i n  th e  
autonomic c h a in  p re v e n te d  th e  i n f lu e n c e  from p a s s in g  
fo rw ard s .
I n  o rd e r  to  be q u i t e  c e r t a i n  t h a t  th e se  e f f e c t s  
were in d ep en d en t o f  b lo o d -b o rn e  f a c t o r s ,  th r e e  normal 
f i s h  were s t im u la te d  by an e l e c t r o d e  p laced  i n  th e  
a n t e r i o r  end o f  th e  s p in a l  co rd . A f te r  normal p a l in g  
re sp o n se s  had been  o b ta in e d ,  th e  h e a r t  o f  each f i s h  was
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com ple te ly  removed and s t im u la t io n  rep ea ted  (F ig u re  33a). 
Responses were e x a c t ly  as b e fo re  and c u ts  i n  th e  autonomic 
c h a in  bo th  p o s t e r i o r  and a n t e r io r  to  v e r te b r a  15  p reven ted  
th e  in f lu e n c e  from p a ss in g  f u r t h e r  back.
S evera l p o in t s  of g enera l observance may now be 
no ted .
(1) Care was ta k e n  th roughou t to  ensu re  t h a t  s t im u la t io n  
was r e s t r i c t e d  to  nervous t i s s u e s  i n  th e  re g io n  of the  
e le c t r o d e .  G eneral s t im u la t io n  could  be evoked a t  much 
h ig h e r  v o l ta g e  l e v e l s ,  causing  v i o l e n t  m uscular con­
t r a c t i o n s  and g en e ra l  p a l in g  o f th e  ^ i n .  This response  
was no t r e s t r i c t e d  i n  e x te n t  by s e c t io n  o f  th e  autonomic 
c h a in ,  whereas th e  re sp o n ses  d e sc r ib e d  above were always 
s h a rp ly  d isc o n t in u o u s  a t  such a p o in t .  I n  s p in a l  s e c t io n  
ex perim en ts , m uscle tw i tc h  f i r s t  appeared on ly  i n  
segments served by th e  s t im u la te d  s e c t io n  of th e  sp in a l  
co rd ; t h i s  was on ly  a narrow band i n  th e  case  of double 
s p in a l  s e c t io n s .  Thus i t  may be assumed t h a t  th e  i s o l a t e d  
s e c t io n s  o f  cord  remained a c t iv e  and t h a t  s t im u la t io n  d id  
no t spread a c ro s s  th e  gaps where nervous t i s s u e  had been 
removed. I n  a l l  th e s e  experim en ts  th e  gaps i n  th e  sp in a l  
cord were c a r e f u l l y  d r ie d  and f i l l e d  w ith  l i q u i d  p a r a f f i n  
b e fo re  s t im u la t io n ,  i n  o rd e r  to  h inder, such spread  of 
e x c i t a t i o n .
( 2) As a f u r t h e r  check on th e  s t im u la t in g  p ro c e s s  th e  
a c t iv e  e le c t r o d e  was removed from th e  sp in a l  cord  i n  many
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of th e  above experim en ts  and l a i d  upon co n n ec tiv e  t i s s u e s  
o r  m uscles a d ja c e n t  to  th e  nervous t i s s u e .  The responses  
always d isapp ea red  u n t i l  th e  e le c t r o d e  was rep laced  i n  
th e  sp in a l  cord . I n  an o th e r  f i s h  two small e le c t r o d e s  
were i n s e r t e d  i n t o  th e  s p in a l  cord as  shown i n  F igu re  33d. 
Normal re sponses  were o b ta in ed  by s t im u la t io n  between one 
o f  th e se  and th e  l a r g e  i n d i f f e r e n t  e le c t ro d e  u s u a l l y  used  
b en ea th  th e  body o f  th e  f i s h .  Then b o th  sm all e le c t r o d e s  
were u sed  f o r  b i p o l a r  s t im u la t io n .  This r e s t r i c t e d  th e  
c u r r e n t  f low  w ith in  th e  body b u t th e  re spo nses  occurred  
a t  th e  same v o l ta g e  l e v e l s  as  b e fo re .  When th e  e le c t r o d e s  
were a p p lie d  to  nearby  m uscles , no p a l in g  o ccu rred . The 
e le c t r o d e s  were th e n  rep laced  and th e  autonomic ch a in  was cu t  
a n t e r i o r  to  v e r te b r a  15. P a l in g  was a g a in  e l i c i t e d  only  
a n t e r i o r  to  th e  c u t /
(3) R eversal o f  p o l a r i t y  o f  th e  s t im u la t in g  p u ls e s  was 
t r i e d  i n  many of th e s e  experim en ts . I n  a l l  c a se s  th e  
l a r g e  ' i n d i f f e r e n t *  cathode produced w ide-sp read  muscle 
tw i tc h e s ,  presum ably by d i r e c t  s t im u la t io n  i n  th e  f la n k s .  
P a l in g ,  i f  any, was always r e s t r i c t e d  to  th e  re g io n  of 
th e  ca thode and th e r e  was no ev idence  o f  nerve s t im u la t io n  
a t  th e  l o c a l  anode. These f in d in g s  support th e  con­
c lu s io n s  o f  C hapter Vf re g a rd in g  su c c e s s fu l  anodal 
s t im u la t io n  i n  th e  s u p e r f i c i a l  ophthalm ic nerve p r e p a ra t io n s .
(4) I n  many p r e p a r a t io n s  th e  f i s h  stopped b re a th in g  a t  
some s ta g e ,  due to  dep th  o f a n a e s th e s ia ,  to  nerve shock
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when e le c t r o d e s  were removed and re im p lan ted , causing  
e x c e s s iv e  damage to  th e  sp in a l  co rd , to  s e c t io n  o f th e  
a o r t a  o r  to  h e a r t  e x t i r p a t i o n .  I n  a l l  cases  normal 
re sp o n ses  were o b ta in ed  f o r  a c o n s id e ra b le  tim e, u s u a l ly  
u n t i l  *Anânieaufhellung* s e t  i n ,  th u s  showing t h a t  th e  
melanophore n erves  were s t i l l  p o t e n t i a l l y  a c t iv e .  This 
was to  be expec ted , b u t  i t  h e lp s  to  confirm  th e  con­
c lu s io n s  o f C hapter I l l d  and C hapter IV concern ing  th e  
dependence o f  th e  normal tem p era tu re  re spo nses  on 
r e s p i r a t o r y  rhythm.
(5) I n  a l l  c a se s ,  s e c t io n  o f  th e  autonomic c h a in  p ro ­
duced ra p id  darken ing  i n  th e  re g io n s  denerva ted  w ith  
r e s p e c t  to  v . F r i s c h ' s  pathways (F ig u re  l a ) ,  a l th o u g h  t h i s  
was l e s s  appa ren t i n  f i s h  which had been su b je c te d  to  
a n t e r i o r  sp in a l  s e c t io n .  A c u t  a n t e r i o r  to  v e r te b r a  15 
produced com plete darken ing  a n t e r i o r l y ,  whereas a c u t  
p o s t e r i o r  to  v e r t e b r a  15  gave darken ing  p o s t e r i o r l y .
As b o th  c u t s  were produced ( i n  v a ry in g  o rder)  i n  each 
p r e p a r a t io n ,  every  f i s h  e v e n tu a l ly  became dark a t  b o th  
ends w ith  a p a l e r  band c e n t r a l l y .  This darken ing  d id  
no t a f f e c t  th e  p a l in g  re sp o n se s ,  b u t  on ly  th e  r e s t i n g  
s t a t e s .  S t im u la t io n  produced melanophore a g g re g a t io n  
over th e  whole body as f a r  as  th e  autonomic c u t  n e a re s t  
to  th e  a c t iv e  e l e c t r o d e ,  w hether t h i s  re g io n  was 
t e c h n i c a l l y  d en e rv a ted  o r  n o t .
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( 6 ) A ll f i s h  which had re ce iv ed  o p e ra t io n s  were examined 
a f t e r  dea th  to  e s t a b l i s h  th e  e f f e c t iv e n e s s  o f  s p in a l  s e c t io n  
and th e  v e r te b r a l  l e v e l s  a t  which t h i s  had been perform ed. 
The l e n g th  of i s o l a t e d  s e c t io n s  o f  s p in a l  cord , i n  th e  
c a se s  o f  double s e c t io n ,  was e s t a b l i s h e d  a t  t h i s  s ta g e .  
S e c t io n  o f th e  autonomic c h a in  was considered  to  be 
dem onstra ted  du ring  the  experim ent by th e  consequent 
darken ing  and i n t e r r u p t i o n  o f p a l in g  re sp o n ses . I n  any
j
ca se  i t  would be d i f f i c u l t  to  e s t a b l i s h  com plete s e c t io n  
by d i s s e c t i o n ,  due to  th e  v e ry  f i n e  s t r u c tu r e  o f the  cha in .
The c o n c lu s io n  which i s  drawn from th e se  experim ents  
i s  t h a t  s t im u la t io n  a t  th e se  v o l ta g e  l e v e l s  w i th in  th e  
s p in a l  cord does n o t d i r e c t l y  e x c i t e  any known chrom atic 
t r a c t s .  S ince s e p a ra te  pathw ays, running i n  a l l  the  
d i r e c t i o n s  n e c e ssa ry  to  support th e s e  r e s u l t s ,  a re  u n l ik e ly  
t o  e x i s t ,  i t  must be assumed t h a t  th e  known t r a c t s  a re  
s t im u la te d  i n d i r e c t l y .  The h y p o th e s is  p u t  forw ard  i s  
t h a t  l o c a l  s t im u la t io n  of any re g io n  o f  th e  sp in a l  cord 
l e a d s  to  a h igh  l e v e l  o f  a c t i v i t y  i n  th e  a d ja c e n t  rami 
communicantes. Tiriis could  r e s u l t  i n  gen e ra l e x c i t a t i o n  
o f  s e v e ra l  g a n g l ia  o f  th e  sym pathe tic  cha in . I n  view of 
th e  l a r g e l y  u n s p e c i f i c  n a tu re  o f  a c t i v i t y  w i th in  th e  
autonomic nervous system, i t  i s  p o s s ib le  t h a t  chrcm atic  
t r a c t s  p re s e n t  i n  each gan g lio n  would th e n  be e x c i te d .
According to  Ni co l (1952) and Young (1931), Wer ride 
( 1926 ) o b ta in ed  ev idence t h a t  th e  chrom atic  f i b r e s ,  a f t e r
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emerging from th e  s p in a l  cord ( a t  th e  l 5th  v e r te b r a  i n  
Phoxinus) run  f o r  long  d i s ta n c e s  i n  th e  autonomic cha in  
and g ive o f f  c o l l a t e r a l  b ranches w i th in  each g an g lio n .
He found t h a t  e x c i t a t i o n  of f i b r e s  w i th in  any g an g lio n  
was t r a n s m i t te d  b o th  o r th o d ro m ic a l ly  and a n t id ro m ic a l ly  
to  cause c o lo u r  changes along th e  whole l e n g th  of th e  f i s h .  
T his  mechanism could  p ro v id e  a com plete e x p la n a t io n  o f th e  
e f f e c t s  observed h e re .  Chromatic re spon ses  r e s u l t i n g  
from the  e x c i t a t i o n  of any p a r t  of th e  sp in a l  cord can 
t h e r e f o r e  p ro v id e  no ev idence of an ou tflow  of chrom atic 
m o to r - f ib r e s  i n  t h a t  reg io n .
I f  t h i s  h y p o th e s is  i s  c o r r e c t ,  th e  g ene ra l e x c i t a to r y  
p ro c e s s  w i th in  each g an g lio n  may be supposed to  depend on 
th e  r a t e  o f s t im u la t io n .  At h ig h  pu l s e - r a t e s  th e  
chemical t r a n s m i t t e r s  in v o lv ed  m ight accum ulate , w h i ls t  
a t  low pu l s e - r a t e s  enzymatic a c t i v i t y  may l i m i t  th e  l e v e l  
ach ieved  and r e s u l t  on ly  i n  s p e c i f i c  e x c i t a t i o n  a c ro ss  
d i r e c t  sy n ap tic  ju n c t io n s .  The l a t t e r  could no t cause  
chrom atic  re sp o n ses  a t  th e  a n t e r i o r  and p o s t e r i o r  l e v e l s  
u sed  i n  th e  above experim en ts .
Three normal f i s h  were th e r e f o r e  a n a e s th e t i s e d  i n  
t u r n  and th e  s t im u la t in g  e le c t r o d e  was p lace d  i n  th e  
a n t e r i o r  end o f t h e i r  s p in a l  co rd s . Square n eg a tiv e  
p u l s e s  were a p p l ie d  a t  th e  s tan d a rd  r a t e  o f  10 / s e c . ,  as  i n  
a l l  e a r l i e r  experim en ts , and p a l in g  was observed i n  each 
c a se .  When th e  r a t e  was im m edia te ly  reduced to  1 / s e c . ,
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p a r t i a l  or cem piété reco very  occurred . A f te r  an i n t e r v a l  
t o  a llow  complete recovery , p u ls e s  were a p p l ie d  a t  th e  
r a t e  of 1 / s e c . ; th e  re sp onses  were absen t or were 
r e p re s e n te d  by only a v e ry  slow and v e ry  s l i g h t  
melanophore a g g re g a t io n .  The same p u ls e s  a t  th e  r a t e  
of 1 / 2  sec . r a r e l y  produced any observab le  response .
Above 10  p u l s e s / s e c .  th e  response  was quick and com plete, 
and no f u r t h e r  changes could be d e te c te d  above 50 p u l s e s /  
sec . V a r ia t io n  of th e  d u ra t io n  and v o l ta g e  of th e se  
p u l s e s  was w ith o u t e f f e c t  a t  any r e p e t i t i o n  r a t e ,  
p ro v id ed  t h a t  th e y  were i n i t i a l l y  s u p ra - l im in a l .
Thus th e  response  was found to  v a ry  m arkedly  w ith  
th e  frequ ency  of s t im u la t io n .  I n  view of th e  independence 
of th e  s u p e r f i c i a l  ophthalm ic p r e p a r a t io n  to  an even 
w ider range of pu l s e - f r e q u e n c ie s ,  th e  r e s u l t  of th e  above 
experim en ts  s t ro n g ly  su g g es ts  t h a t  th e  ch rom atic  f i b r e s  
were be ing  s t im u la te d  i n d i r e c t l y .  The proposed 
h y p o th e s is  i s  t h e r e f o r e  supported .
The s t im u la t io n  used  by v .G e le i  c o n s is te d  o f 
re p e a te d  sp ik es  from a sh o c k in g -c o il  which was s e l f ­
d r iv e n  by a m ake-and-break i n  th e  p rim ary  c i r c u i t .  No 
in fo rm a t io n  i s  a v a i l a b le  re g a rd in g  th e  freq u en cy  a t  which 
th e s e  shocks were d e l iv e r e d .  A s tan d a rd  l a b o r a to r y  
in d u c t io n  c o i l  m anufactured  by M essrs . C. P. Palm er & Co. 
was t e s t e d  o s c i l l o g r a p h i c a l l y  to  determ ine th e  frequency  
a t  which shocks were produced. While ad jus tm en t of th e
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malTe-and-breaJi c o n ta c ts  appeared to  change th e  buzzing  
n o te  c o n s id e ra b ly ,  th e  frequency  on ly  v a r ie d  between 38 
and 4-2 sp ik es  p e r  second. By making th e  arm ature  s t r i k e  
th e  co re  of th e  c o i l  f o r c i b l y  du ring  each c y c le ,  th e  r a t e  
cou ld  be in c re a s e d  t o  j u s t  50 sp ik e s  p e r  second, b u t  no 
d e c rea se  i n  r a t e  below 38 p e r  second could be ach ieved .
I t  th e r e f o r e  seems p ro b ab le  t h a t  v .G e le i  u sed  s t im u la t io n  
r a t e s  of t h i s  o rd e r  and t h a t  h i s  r e s u l t s  a re  p e r f e c t l y  
com patib le  w ith  th o se  ob ta in ed  h e re .  The in d u c t io n - c o i l  
was u sed  to  s t im u la te  s e v e ra l  o f  th e  above p r e p a r a t io n s ,  
a f t e r  each had been t e s t e d  w ith  th e  e l e c t r o n ic  s t im u la to r ,  
and th e  re spo nses  were found to  be no d i f f e r e n t .
I f  th e  above assum ptions a re  c o r r e c t ,  i t  should  be 
p o s s ib le  to  o b ta in  th e  same r e s u l t  by th e  a r t i f i c i a l  
a d d i t io n  of a c e ty lc h o l in e  to  th e  g a n g l ia ,  f o r  even th e  
a d re n e rg ic  t r a c t s  (sy m p a th e tic  or tho raco -lum bar outflow) 
p o s se s s  c h o l in e rg ic  synapses w i th in  th e  g a n g l ia  of 
h ig h e r  an im als . Two f i s h  were th e r e f o r e  a n a e s th e t i s e d  
and th e  autonomic ch a in  was c a r e f u l l y  exposed w i th in  th e  
body c a v i ty ,  a n t e r i o r  to  v e r te b r a  1 5 , as f o r  th e  
sympathectomy o p e ra t io n .  I n s te a d  o f  be ing  sev ered , th e
n e rv e -c o rd s  were ba thed  i n  a 1^ s o lu t io n  of a c e ty lc h o l in e  
c h lo r id e  i n  Young's RLnger ( a s  i n  F ig u re  34^)* T his  
s o lu t io n  was removed and re p la c e d  se v e ra l  t im es  to  
en su re  t h a t  i t  was no t d i l u t e d  by body f l u i d s  o r  by th e  
R inger in t ro d u c e d  d u ring  th e  exposure o p e ra t io n .  No
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melanophore re sp o n ses  were observed i n  any p a r t  o f e i t h e r  
f i s h .  The 1% s o lu t io n  was re p la c e d  by 10^ s o lu t io n  
which was re p la c e d  tiv ice. Again no respon ses  were 
o b ta in ed . This r e s u l t  e i t h e r  i n d i c a t e s  t h a t  th e  
h y p o th e s is  i s  i n c o r r e c t ,  o r  e l s e  t h a t  th e  nerv e -c o rd s  
were surrounded by a r e l a t i v e l y  impermeable b a r r i e r  of 
co n n ec tiv e  t i s s u e .  The l a t t e r  cou ld  not be te a s e d  open, 
due to  th e  small s iz e  of th e  nerve co n n ec tiv e s  and 
g a n g l ia .  A low r a t e  of d i f f u s i o n  may be i n e f f e c t i v e  
as  a c e ty lc h o l in e s te r a s e  would be expected  to  brealc down 
th e  drug r a p id ly  and so p re v en t accum ula tion  w it l i in  th e  
g a n g l ia .
A f u r t h e r  c o r o l l a r y  of th e  h y p o th e s is  o f  gen e ra l 
e x c i t a t i o n  i s  t h a t  re sp o n ses  should  not be co n f in e d  to  
th e  m elanophores. ' Two o th e r  sym pathe tic  e f f e c t o r s  
which can be observed  e a s i l y  a re  th e  h e a r t  and th e  i r i s .  
Counts o f th e  h e a r t - r a t e  ( th e  p u ls e  i s  c l e a r l y  v i s i b l e  
i n  th e  body w all n ea r  th e  h e a r t )  and o b se rv a t io n s  of 
th e  i r i s ,  i n  s e v e ra l  o f  th e  fo re g o in g  experim en ts , 
showed no d e te c ta b le  re sp o n ses . Research on th e s e  
m a t te r s  i n  th e  l i t e r a t u r e  re v e a le d  t h a t  c a rd ia c -  
a c c e l e r a to r  f i b r e s  a re  absen t i n  t e l e o s t s  (K isch , 1948;
Ni c o l , 1952), and t h a t  p u p i l l a r y  a d a p ta t io n  i n  t e l e o s t s  
i s  on ly  shown by th e  Apodes, th e  H eteroscm ata and by 
UranoSCOPUS (W alls , 194-2). No vasom otor re sp o n ses  
could  be observed i n  th e  blood v e s s e l s  o f th e  f i n s  and
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no o th e r  sim ple t e s t s  could be d ev ised .
A f u r t h e r  p o in t  a g a in s t  the  h y p o th es is  i s  t h a t  
g en e ra l  e x c i t a t i o n  w i th in  th e  sym pathetic  nervous system 
would be expected  to  r e le a s e  q u a n t i t i e s  o f a d r e n a l in  i n t o  
th e  b lo o d -s trea m . This cannot account f o r  th e  re sp onses  
o b ta in e d  i n  th e  above p r e p a ra t io n s  and th e  quick r a t e  of 
re co v e ry  o f th e  m elanophores, on c e s s a t io n  of s t im u la t io n ,  
suggested  t h a t  i t  d id  not occur. However, no a l t e r n a t i v e  
p ro p o sa l  can be suggested  a t  p r e s e n t .
c. The E f f e c t  o f  I n j e c t i o n s  of Ergotam ine.
Wyman (1924) i n j e c t e d  Fundulus i n t r a p e r i t o n e a l l y  
w ith  0 .5  ml. o f  ergotaraine phosphate  s o lu t io n  which was 
" a d ju s te d  to  th e  s t r e n g th  of f l u i d - e x t r a c t  e rg o t  U .S .P ."  
The m elanophores showed a quick maximum a g g re g a t io n  
fo llow ed  by a slow er d i s p e r s io n  to  an in te rm e d ia te  
c o n d i t io n  which l a s t e d  i n d e f i n i t e l y .  Smith (1931a) 
a l s o  o b ta in ed  an in te rm e d ia te  c o n d i t io n  by i n j e c t i n g  
Fundulus w ith  0 .3  -  0 .5  ml. o f  10^ s o lu t io n .  But t M s  
a u th o r  found t h a t  th e  a b i l i t y  to  adapt com ple te ly  to  a 
w hite  background was u n a f fe c te d  f o r  up to  1-J hours  a f t e r  
i n j e c t i o n ,  a f t e r  which th e  in te rm e d ia te  c o n d i t io n  
p r e v a i le d  r e g a r d le s s  o f  th e  background c o lo u r .  These 
re sp o n se s  do no t ag ree  w ith  th o se  o b ta in ed  by G iersbe rg  
and v .G e le i  on Phoxinus (C hap ter V ia ) .  V .G elei i n j e c t e d
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minnows in t r a m u s c u la r ly  w ith  0 .08 -  0 .15  ml. of a Sandoz 
ergotam ine p r e p a r a t io n  c a l le d  Gynergen. The Sandoz 
p r e p a r a t io n  a v a i l a b le  i n  Great B r i t a i n  was named Pemergin, 
b u t  was s ta te d  by th e  m an u fac tu re rs  to  be i d e n t i c a l  i n  
c o n s t i t u t i o n .  The p r e p a r a t io n  co n ta in ed  0 .05  mgm. of 
ergotam ine t a r t r a t e  i n  0 .1  ml. o f p lacebo .
Two f i s h  on a w hite  background and two on a b lack  
background were each i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith  t h i s  
dose o f e rg o t  and were re p la c e d  i n  t h e i r  d i s h e s .  A f te r  
15  m inu tes  th e  p a le  f i s h  had darkened v e ry  s l i g h t l y  and 
th e  dark f i s h  were unchanged. % t h i n  an hour th e  f i s h  
on th e  b lack  background had pa3.ed u n t i l  th ey  were 
i n d i s t i n g u i s h a b l e  from th o se  on th e  w hite  background.
The l a t t e r  had shown no f u r t h e r  change, so t h a t  a l l  f a i r  
f i s h  f i n a l l y  becam e‘p a le ,  b u t  no t m axim ally so . None of 
th e  f i s h  showed th e  i n i t i a l  s t a t e  of complete darkening  
f o r  1 - 2  ho u rs , re p o r te d  by G ie rsb e rg  and v .G e l e i , 
a l th o u g h  th e  f i n a l  p a le  c o n d i t io n  re p o r te d  by th e s e  workers 
was confirm ed.
To check t h i s  r e s u l t ,  a f u r t h e r  s ix te e n  f i s h  were 
talcen, e ig h t  from a w hite  ground and e ig h t  from a b lack  
ground. Each was g iv en  0.1 ml. of u n d i lu te d  Femergin 
in t ra p e r i to n e s Q .ly  and rep la ced . A ll became alm ost f u l l y  
p a le  w i th in  one hour, w ith  no i n i t i a ] ,  d a rk en ing . The 
re co v e ry  time f o r  re g a in in g  com plete background 
a d a p ta t io n  v a r ie d  in d iv id u a l ly  from 24 to  48 hours .
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Since th e  e a r l i e r  workers on Phoxinus had i n j e c t e d  
in t r a m u s c u la r ly ,  t h i s  method was a ls o  t e s t e d .  E igh t 
f i s h  on a w hite  background were i n j e c t e d  i n  th e  m uscles 
o f  th e  back w ith  0 .1  ml. o f Femergin. Again only  very  
s l i g h t  darken ing , m ain ly  by a f a i n t  f l e c k in g  o f th e  sk in ,  
was observed. This appeared w i th in  15 m inu tes and no 
f u r t h e r  re sponses  o ccu rred . A f u r t h e r  e ig h t  f i s h  were 
i n j e c t e d  from a b lack  background and a l l  became alm ost 
com ple te ly  p a le  w i th in  5 m inu tes . Thus th e  re sp onses  
were r a th e r  more r a p id  b u t  o th e rw ise  were i n d i s t i n g u i s h ­
a b le  from th o se  fo llo w in g  i n t r a p e r i t o n e a l  i n j e c t i o n .
S ince i t  was b o th  slow and d i f f i c u l t  to  i n j e c t  0 .1  ml. 
i n t o  th e  m uscles o f  such a sm all an im al, i  n t r a p e r i  tone  a l  
i n j e c t i o n  was always used i n  l a t e r  experim en ts .
A l to g e th e r  i n '  th e s e  and subsequent experim ents  109 
normal f i s h  were i n j e c t e d  w ith  doses o f  Femergin and th e  
re sp o n se s  were always observed c lo s e ly .  I n  no case  was 
th e r e  a p e r io d  o f marked darken in g . R egard less  o f 
background co lo u r  th e  f i s h  a l l  came g ra d u a l ly  to  an 
a lm ost f u l l y  p a le  c o lo u r  which p e r s i s t e d  f o r  many hours . 
The d isc re p an cy  between th e s e  r e s u l t s  and th o se  ob ta ined  
by v .G e le i  can o n ly  be a t t r i b u t e d  to  some d i f f e r e n c e s  i n  
th e  minnows u sed . The r e s u l t s  o b ta in ed  by Wyman and 
Smith on Fundulus a re  d i f f e r e n t  from bo th  th e s e .
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d. S t im u la t io n  Experim ents a f t e r  Ergotamine T reatm ent.
Most o f  th e  experim ents  of s e c t io n  b o f t h i s  Chapter 
were re p e a te d  on minnows which had been i n j e c t e d  w ith  
ergotam ine s o lu t io n  and had p a le d  on a b lack  background.
Three f i s h  were i n j e c t e d  w ith  0.1  ml. o f Femergin 
and when p a le  were a n a e s th e t i s e d  and s t im u la te d  by- 
n e g a tiv e  p u ls e s  from an e le c t ro d e  i n  th e  a n t e r i o r  end of 
th e  sp in a l  cord (a s  i n  F igu re  3 3a) . Melanophore 
d i s p e r s io n  occu rred  over th e  whole su rfa c e  o f each f i s h .  
The response  v a r ie d  somewhat between d i f f e r e n t  groups of 
m elanophores; each showed a c l e a r  d i s p e r s io n  of 
m e lan in  b u t i n  none was th e  resp onse  maximal, as when 
s t im u la te d  to  ag g reg a te .  N e v e r th e le s s  th e  sk in  o f the  
f i s h  darkened c o n s id e ra b ly  when viewed m a c ro sco p ica lly .
The response  was r a t h e r  slow er th a n  th e  b lan ch in g  w ithou t 
e rg o t  and reco v ery  a f t e r  s t im u la t io n  was slow er ( 3 - 5  
m in u te s ) , though com plete.
The speed and e x te n t  o f th e  response  was ag a in  
dependent upon th e  r a t e  a t  which s t im u la t in g  p u ls e s  were 
d e l iv e re d .  One p u ls e  p e r  two seconds had b a r e ly  any 
e f f e c t ;  5 p u ls e s  p e r  second gave r a th e r  g r e a t e r  re spo nses  
and 10  -  50 p u ls e s  p e r  second produced th e  g r e a t e s t  and 
most ra p id  e f f e c t s .  P u lse s  o f 2 -  3 V. were com ple te ly  
e f f e c t i v e ,  as f o r  s t im u la t in g  a g g re g a t io n .  At th e  
l e v e l  re q u ire d  to  produce w id e-sp read  m u sc le - tw itc h  
(8  -  12  V.) th e  d i s p e r s iv e  response  gave way to  one of
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com plete a g g re g a t io n .
I n  two f i s h  i n  which the  autonomic ch a in  was cu t  by 
a k n i f e - t h r u s t  a n t e r i o r  to  v e r te b r a  15  th e  subsequent 
d i s p e r s io n  produced by e l e c t r i c a l  s t im u la t io n  on ly  occurred  
a n t e r i o r  to  th e  p o in t  o f s e c t io n .  The h e a r t  was th e n  
removed from each f i s h  w ithou t a f f e c t in g  th e  re sp o n ses .
Sm aller doses o f Femergin were p rep a red  by d i l u t i n g  
th e  p r e p a r a t io n  w ith  Young's R inger s o lu t io n .  Two f i s h  
were g iven  0 .1  ml. of x2 d i l u t i o n ,  two re c e iv e d  0 .1  ml. 
o f x4 d i l u t i o n  and two o th e r s  had 0 .1  ml. o f x8 d i l u t i o n  
each. A ll p a le d  norm ally  on a b lack  background. One 
f i s h  was s t im u la te d  as  b e fo re ,  3 hours a f t e r  th e  x8 
d i l u t i o n  dose, and two o th e r s  1 hour and 4 hours a f t e r  
x4 d i l u t i o n  dose. No d is p e r s io n  could  be e l i c i t e d  i n  
any o f  th e s e .  Another f i s h  was s t im u la te d  one hour a f t e r  
x2 d i l u t i o n .  S l ig h t  d i s p e r s io n  was produced by p u ls e s  
s im i l a r  to  th o se  u sed  b e fo re .  A cu t  i n  th e  autonomic 
c h a in  a n t e r i o r  to  th e  l 5 t h  v e r t e b r a  p rev en ted  th e  
e x c i t a t i o n  from p a s s in g  f u r t h e r  back , and the  response  was 
unchanged a f t e r  removal o f  th e  h e a r t .  The e a r l i e r  dose 
o f  0 .1  ml. o f u n d i lu te d  Femergin th e r e f o r e  appeared  t o  be 
i d e a l  f o r  e l i c i t i n g  th e  response  and was made th e  s tan d a rd  
dose t h e r e a f t e r .
Three f i s h  were th e n  su b je c te d  to  double a n t e r i o r  
s p in a l  s e c t io n ,  to  le a v e  an i s o l a t e d ,  b u t o th e rw ise  i n t a c t ,  
s e c t io n  o f s p in a l  cord occupying 6 - 7  v e r te b ra e .  A ll
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darkened norm ally  on a w hite  background. A f te r  24 hours 
each was i n j e c t e d  w ith  0.1 ml. o f  Femergin and a f t e r  one 
hour was a n a e s th e t i s e d  and s t im u la te d  by an e le c t r o d e  
p la c e d  i n  th e  i s o l a t e d  p ie c e  o f s p in a l  cord (a s  i n  F igure  
3 3 c ) .  I n  each case  d i s p e r s io n  occurred  when 2 msec, 
p u ls e s  were d e l iv e re d  a t  l e v e l s  of 2 -  8 V. and a t  a r a t e  
o f  5 0 /sec .  A utonom ic-chain s e c t io n  behind th e  i s o l a t e d  
p ie c e  o f  sp in a l  cord bu t a n t e r i o r  to  v e r te b r a  1 5 , 
r e s t r i c t e d  th e  response  sh a rp ly  to  th e  a n t e r i o r  re g io n .
Three more f i s h  were g iven  a sp in a l  s e c t io n  p o s t e r i o r  
to  v e r t e b r a  15- Chromatic re sp o n ses  to  background 
c o lo u r  appeared to  be u n a f fe c te d .  A f te r  24 hours each 
was i n j e c t e d  w ith  0.1 ml. o f Femergin, and, when p a le ,  
a n a e s th e t i s e d  and s t im u la te d  by an e le c t ro d e  i n  th e  
sp in a l  cord p o s t e r i o r  to  th e  p o in t  of s e c t io n  (a s  i n  
F ig u re  34b). Darkening o f th e  whole body was produced 
i n  each case . S e c t io n  o f th e  autonomic ch a in  and a o r ta  
by a k n i f e  jab  a n t e r i o r  to  v e r t e b r a  15  r e s t r i c t e d  the  
e f f e c t  to  th e  p o s t e r i o r  reg io n .
A s in g le  i n t a c t  f i s h  was i n j e c t e d  w ith  e rg o t .  When 
p a le  i t  was a n a e s th e t i s e d  and th e  autonomic c h a in  was 
exposed w i th in  th e  body c a v i ty .  A p p l ic a t io n s  o f  1% and 
10$ s o lu t io n s  o f  a c e ty lc h o l in e  c h lo r id e  i n  R inger 
(F ig u re  34d) were w ithou t e f f e c t  on th e  m elanophores.
On fo u r  o f  th e  above f i s h e s  th e  e le c t r o d e  was 
removed from th e  s p in a l  cord  du ring  th e  experim ent and
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p o s i t io n e d  so t h a t  i t  touched th e  sk in  of th e  f i s h .  
S t im u la t io n  as b e fo re  produced darkening  of a small a re a ,  
2 - 3  nim. i n  r a d iu s ,  around th e  p o in t  o f e le c t ro d e  
c o n ta c t .  These re sp onses  were s low ly  r e v e r s i b l e .  This
showed th a t  s t im u la t io n  w i th in  th e  sp in a l  cord , le a d in g  
to  darken ing  o f th e  whole body, must have in vo lv ed  
d is s e m in a t io n  o f  th e  e x c i t a t i o n  by means o th e r  th a n  
c u r r e n t  spread . I n  n o n -e rg o t is e d  f i s h  s im i la r  e f f e c t s  
may be o b ta in ed , b u t th e  l o c a l i s e d  response  i s  always an 
a g g re g a t io n  o f m elan in .
F in a l ly ,  an i n t a c t  f i s h  was i n j e c t e d  w ith  0.1 ml. of 
Femergin and, when p a le ,  was p rep ared  f o r  s t im u la t io n  
o f th e  s u p e r f i c i a l  ophthalm ic nerve (s e e  C hapter Ve).
A s in g le  small e le c t r o d e  was u sed  m t h  a l a r g e  i n d i f f e r e n t  
e le c t r o d e  benea th  th e  body o f  th e  f i s h .  E i th e r  
p o s i t i v e  o r n e g a t iv e  p u ls e s  were e f f e c t i v e  i n  p roducing  
melanophore d i s p e r s io n  iv ith in  th e  a r e a  served by t h i s  
nerve  (F ig u re  26b ) ,  b u t  no response  was. e l i c i t e d  e l s e ­
where on th e  body. The th re s h o ld  was found to  be r a th e r  
v a r i a b le ,  and a c c u ra te  measurements were d i f f i c u l t  bu t 
re sp o n se s  were o b ta in ed  from 4 V. w ith  5 msec, and 
10 msec, p u l s e s .  On c e s s a t io n  of s t im u la t io n  th e  
m elanophores recov ered  t h e i r  alm ost f u l l y  aggregated  
s t a t e  i n  30  -  90 seconds. These respon ses  were 
r e p e a te d ly  o b ta in ed  f o r  some tim e.
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e . Conclu s io n s .
The same p re c a u t io n s  were e x e rc ise d  w ith  th e  
experim ents  on e r g o t i s e d  f i s h  ( s e c t i o n  d) as  on non- 
e r g o t i  sed f i s h  ( s e c t io n  b) • I n  p a r t i c u l a r ,  c a re  was 
ta k e n  to  e s t a b l i s h  t h a t  no g en e ra l e x c i t a t i o n  occurred  
b u t  t h a t  s t im u la t io n  was r e s t r i c t e d  to  th e  n e rv e - t ru n k s  
i n  th e  re g io n  o f th e  l o c a l  e le c t r o d e .  The experim ents  
were conducted i n  e x a c t ly  th e  same way and produced th e  
same r e s u l t s ,  excep t f o r  a g g re g a t io n  i n  one ca se  and 
d i s p e r s io n  i n  th e  o th e r .
The ex perim en ta l r e s u l t s  o f v .G e le i  were th e r e f o r e  
confirm ed, a lth o u g h  i t  was no t found n ec essa ry  to  
a d m in is te r  a c e ty lc h o l in e  a f t e r  ergotam ine i n  o rd e r  to  
e l i c i t  a darkening  respon se . But th e  experim ents  w ith­
ou t e rg o t  and w ith ' s t im u la t io n  i n  v a r io u s  p a r t s  o f  the  
sp in a l  cord show t h a t  v .G e le i  *s arguments f o r  th e  course  
o f th e  d is p e r s in g  f i b r e s  a re  e r ro n eo u s . Both p a l in g  
and darkening  could  be e l i c i t e d  from any p a r t  of th e  
sp in a l  cord by th e  same l e v e l s  o f  s t im u la t io n .  The 
h y p o th e s is  o f i n d i r e c t  s t im u la t io n  w i th in  th e  g a n g l ia  
o f th e  autonomic ch a in  th e r e f o r e  appears  to  be th e  on ly  
s a t i s f a c t o r y  e x p la n a t io n  f o r  th e s e  phenomena.
The s u p e r f i c i a l  ophthalm ic nerve experim ent could 
no t be rep ea ted  due to  sh o rtag e  o f  t im e , b u t th e  s in g le  
r e s u l t  in d ic a te d  t h a t  the  d i r e c t  s t im u la t io n  of a motor 
nerve (w ith o u t th e  p o s s ib le  p re se n ce  o f neurone sw itch ing-
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c i r c u i t s  i n  in te rm e d ia te  gang lia )  a l s o  produces d i s p e r s io n  
when ergotam ine i s  p r e s e n t .  The low th re s h o ld  recorded 
suggested  t h a t ,  i f  m e lan o p h o re -d isp e rs in g  f i b r e s  do e x i s t ,  
t h e i r  e x c i t a b i l i t y  i s  l i t t l e  d i f f e r e n t  from t h a t  o f th e  
ag g reg a tin g  f i b r e s .  Thus i t  i s  p o s s ib le  t h a t  du ring  th e  
e l e c t r i c a l  s t im u la t io n  o f n erves  i n  n o n -e rg o t is e d  f i s h  th e  
p a l in g  f i b r e s  a re  no t p r e f e r e n t i a l l y  s t im u la te d  b u t a re  
dominant i n  t h e i r  in f lu e n c e  on th e  m elanophores. I f  t h i s  
i s  th e  c a se ,  d i f f e r e n t i a l  s t im u la t io n  by sairf-tooth p u ls e s  
would not be expected  to  succeed ( s e e  Chapter V).
N e v e r th e le s s  i t  i s  im p o ss ib le  to  s t a t e  a t  t h i s  s tag e  
w hether th e se  experim en ts  t r u l y  i n d i c a t e  th e  p resen ce  of 
m e lan o p h o re -d isp e rs in g  nerve f i b r e s .  Gray (1955a) 
suggested  (1 ) t h a t  s t im u la t io n  w i th in  th e  s p in a l  cord may 
r e s u l t  i n  a r e le a s e  of a d r e n a l in  i n t o  th e  b lo o d -s tream , 
th e  e f f e c t  o f which may be re v e rse d  i n  th e  p re sen ce  o f 
ergotam ine and would be r e s t r i c t e d  by s e c t io n  o f th e  
a o r ta ;  o r  ( 2) t h a t  ergotam ine may re v e rs e  th e  response  
o f  e f f e c t o r  c e l l s  to  s t im u la t io n  from a d re n e rg ic  (p a lin g )  
f i b r e s .  The f i r s t  o f th e se  su g g e s t io n s  has a l r e a d y  been 
ru le d  o u t,  to g e th e r  w ith  a l l  o th e r  p o s s ib le  humoral 
in f lu e n c e s .  The second p o s s i b i l i t y  w i l l  be examined 
more c lo s e ly  i n  C hapter VII.
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CHAPTER V I I .
RJRTHER EXPERIMENTS WITH ERGOTAMINE.
a. I n t r o d u c t io n .
As a l re a d y  s t a t e d ,  a d r e n a l in  i s  a powerful b lan ch ing
ag en t f o r  t e l e o s t s .  I f  th e  sub s tance  i s  i n j e c t e d  i n t o
whole f i s h ,  o r  i f  i s o l a t e d  p ie c e s  of sk in  a re  immersed i n
a s o lu t io n  c o n ta in in g  i t ,  complete melanophore a g g re g a t io n
ensues r a p id ly .  Barbour and Spaeth  (1917) found t h a t  th e
m elanophores o f  i s o l a t e d  s c a le s  o f  Fundulus showed a
s e n s ib le  response  to  a s o lu t io n  co n ta in in g  on ly  1 p a r t  of
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a d r e n a l in  i n  5x10 p a r t s  o f R inger s o lu t io n .  They a lso  
d isco v e red  (B arbour and S paeth , 1917) t h a t  f o l lo m n g  
exposure to  a s o lu t io n  of ergo tam ine, th e  m elanophores 
o f th e s e  p r e p a r a t io n s  became d is p e r s e d ,  i n s t e a d  of 
ag g reg a ted , i n  response  to  a d r e n a l in .  I t  i s  a l s o  
i n t e r e s t i n g  to  n o te  t h a t  B arbour (1936) r e p o r te d  t h a t  th e  
sympathomimetic a c t i o n  o f deuterium  oxide on m elanophores 
was a ls o  re v e rse d  by e rg o t .  Gray (1955a) and Healey 
(1957) re p o r te d  t h a t  Verne and V i l t e r  (1935), V ia l11 (1927) 
and C ia b a t t i  (1929) o b ta in ed  s im i l a r  r e v e r s a l s  to  a d re n a l in  
i n  C a ra s s iu s . Gambusia and S c a rd ln iu s . Gray (1955a) 
th e r e f o r e  suggested  t h a t  i n  v .G e l e i ' s experim ents  
ergotam ine m ere ly  re v e rse d  th e  response  o f m elanophores 
to  th e  t r a n s m i t te r - s u b s ta n c e s  r e le a s e d  when a d re n e rg ic  
(p a l in g )  f i b r e s  were s t im u la te d .
B arger and Dale, i n  1910, f i r s t  d is t in g u is h e d  between
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sym pathin, found i n  p e r f u s a te s  a f t e r  sym pathetic  
s t im u la t io n ,  and ep in ep h r in e  ( a d r e n a l in ) ,  th e  s e c r e t io n  
o f  th e  ad ren a l m edu lla . They suggested  t h a t  a d r e n a l in  
was a m ethy la ted  form o f sympathin and t h i s  has s in ce  
been  confirmed ( c i t e d  i n  Goodman and Gilman, 1956). 
D esc rib ing  th e  e f f e c t  o f each substance  on b lo o d -p re s su re ,  
th ey  s ta te d  t h a t  th e  p re sence  of e rg o to x in  " . . .  l e a v e s  
th e  amino-base w ith  a remnant of p r e s s o r  a c t io n ,  w hile  
t h a t  of th e  m ethyl ami no base  (a d ren in e )  i s  rep laced  by 
d e p re s so r  a c t io n " .  On th e  o th e r  hand, th e  m otor response 
o f  th e  r e t r a c t o i v p e n i s  muscle of th e  dog to  bo th  a d r e n a l in  
and sym pathetic  s t im u la t io n  i s  g ra d u a l ly  suppressed  bu t 
i s  never re v e rse d  by e rg o to x in e .  I n  o th e r  c a se s  bo th  
re sp o n ses  may be re v e rse d  b u t to  d i f f e r e n t  e x te n t s .
" . . .  c e r t a i n  norm ally  motor e f f e c t s  of ad ren ine  a re  
re v e rse d  by sm a lle r  doses o f e rg o to x in e  th an  a re  needed 
f o r  th e  r e v e r s a l  of th e  co rrespond ing  motor e f f e c t s  of 
s t im u la t in g  sym pathetic  n e rv es" .  Goodman and Gilman 
( 1 9 5 6 ) s t a t e  t h a t  t h i s  has now been  confirmed and i s  
g e n e ra l ly  accep ted .
I n  th e  c ircu m stan ces , i t  seemed a d v isa b le  to  examine 
th e  re sp o n ses  o f  minnow m elanophores to  each o f th e s e  
su b s tan ce s ,  b o th  b e fo re  and a f t e r  t re a tm e n t  w ith  e rg o t .  
Wyman (1924) was u n ab le  to  support Spaeth  and B a rb o u r 's  
r e s u l t  by th e  i n j e c t i o n  of i n t a c t  Fundulus. G ie rsbe rg  
a ls o  remarked t h a t  minnows i n j e c t e d  w ith  0 .1  ml. of 0 * 0 5 %
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ergotam ine s o lu t io n ,  and u sed  f o r  nerve s t im u la t io n  
experim en ts , produced maximal a g g re g a t io n  when in j e c t e d  
w ith  a d r e n a l in .  I t  was th e r e f o r e  decided to  u se  b o th  
i n t a c t  minnows and i s o l a t e d  sk in  p r e p a ra t io n s  i n  th e s e  
i n v e s t i g a t i o n s .
b. T es ts  bv I n . i e c t io n .
Twelve normal minnows were allow ed to  adap t f u l l y  to  
b lack  backgrounds. Then e ig h t  were i n j e c t e d  w ith  0.1 ml. 
o f  Femergin (0 .0 5  mgm. of ergotam ine t a r t r a t e ) .  A f te r  
one hour a l l  e ig h t  were alm ost f u l l y  p a le  (s e e  Chapter 
Vic) . Four o f  th e se  f i s h  and th e  fo u r  u n t r e a te d  f i s h  
were th e n  each i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith  0 .1  ml. of 
a s o lu t io n  con ta i 'n ing  1 p a r t  i n  5 ,000 o f  A d rena line  B .P . ,  
(= a d r e n a l in  = a d re n a l in e  = ad ren in e  = ep in ep h r in e  = 
m e th y la m in o -e th a n o l-c a te c h o l) , m anufactured  by M essrs . 
B r i t i s h  Drug Houses. Of th e  f i s h  which had re ce iv ed  
a d r e n a l in  on ly , two p a led  m axim ally i n  30  m inu tes  and th e  
o th e r  two were p a le  excep t f o r  a few f l e c k s  of co lo u r  
d o r s a l l y .  A f te r  an hour a l l  f o u r  were beg inn ing  to  
darken  somewhat and a f t e r  two hours  th ey  had recovered  
co m ple te ly  to  th e  d a rk -ad ap ted  s t a t e  on th e  b lack  back­
ground. No d i f f e r e n c e  was d e te c ta b le  by th e  unaided  
eye a t  any tim e between th e  f i s h  which had re ce iv ed  
ergotam ine on ly  and th o se  which had re c e iv e d  b o th
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ergotam ine and a d r e n a l in .  A ll s tayed  alm ost f u l l y  p a le  
on a b lack  background.
I n  an o th e r  experim ent e ig h t  normal f i s h  were allowed 
to  adap t to  a b lack  background and th e n  fo u r  were g iven  
0 .1  ml. o f Femergin each. A f te r  an hour a l l  e ig h t  were 
i n j e c t e d  w ith  R inger s o lu t io n  s a tu r a te d  w ith  a d re n a l in .
The n o n -e rg o t is e d  f i s h  a l l  p a le d  m aximally w i th in  15 
m in u te s ,  b u t a f t e r  an hour were n o t ic e a b ly  d a rk e r  ag a in .  
Recovery was no t q u i te  complete a f t e r  ^  h o u rs . The 
f i s h  t r e a t e d  w ith  e rg o t  became f u l l y  p a le  15 -  30  m inutes 
a f t e r  i n j e c t i o n  w ith  a d re n a l in .  A f te r  one hour each f i s h  
was darkening  s l i g h t l y  and a f t e r  2^ hours had reg a in ed  th e  
t y p i c a l  co lo u r  of an e r g o t - t r e a t e d  f i s h .  This c o n d i t io n  
p e r s i s t e d  f o r  many hours as u s u a l .  The response  to  
a d r e n a l in  was on ly  s l i g h t ,  s in ce  th e  f i s h  were a l re a d y  
a lm ost f u l l y  p a le  on a b lack  background, b u t i t  can be 
s t a t e d  e m p h a tic a l ly  t h a t  a t  no tim e was th e r e  th e  
s l i g h t e s t  i n d i c a t i o n  of melanophore d i s p e r s io n  i n  any of 
th e s e  f i s h .
The same experim ent was re p e a te d ,  u s in g  1-n o r a d r e n a l in  
(= n o re p in e p h rin e  = sympathin = l e v a r te n o l  = ami no- e th an o l-  
c a te ch o l)  b i t a r t r a t e ,  m anufactured  by M essrs. L. L ig h t  and 
Co. Four b la c k -a d a p te d  f i s h  were each i n j e c t e d  i n t r a ­
p e r i t o n e a l l y  w ith  0 .1  ml. o f a s o lu t io n  c o n ta in in g  1 p a r t  
i n  5 ,000 o f  n o ra d re n a l in .  A ll p a led  com ple te ly , excep t 
f o r  s l i g h t  f l e c k s  d o r s a l ly ,  w i th in  10 m in u te s . The
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f l e c k s  were r a th e r  more pronounced a f t e r  an hour bu t the  
f i s h  remained o th e rw ise  p a le .  A ll redarkened  alm ost 
com ple te ly  w i th in  2^ hours from th e  time o f i n j e c t i o n .
To t e s t  the  e f f e c t  o f e rg o t  on t h i s  dose, tw elve 
b la c k -a d a p te d  f i s h  were d iv id ed  i n  to  th re e  groups of 
fo u r  f i s h  each . E igh t f i s h  were g iv en  0.1 ml. of 
Femergin i n t r a p e r i t o n e a l l y  and allow ed to  p a le  f o r  one 
ho u r . Then fo u r  o f  th e se  f i s h  and th e  fo u r  u n t r e a te d  
f i s h  were each g iven  0 .1  ml. o f  1 p a r t  i n  5 ,0 0 0  
1- n o r a d r e n a l in  s o lu t io n .  The f i s h  w ith  n o ra d re n a l in  
on ly  r a p id ly  became com plete ly  p a le  and were c l e a r l y  
d i s t in g u i s h a b le  from th o se  which had re c e iv e d  ergotam ine 
on ly . Two f i s h  showed f l e c k s  d o r s a l ly  bu t a f t e r  an hour 
one of th e se  had become even ly  and maximally p a le .  A ll 
f o u r  were much d a rk e r  a f t e r  two hours and a t  th re e  hours 
had recovered  alm ost co m p le te ly . The fo u r  f i s h  which 
re c e iv e d  b o th  ergotam ine and n o ra d re n a l in  were a t  a l l  
t im es  i n d i s t i n g u i s h a b le  from th o se  which had been g iven  
ergotam ine on ly . They showed n e i t h e r  a daiicening 
respo nse  nor a f u r t h e r  p a l in g .  A ll recovered  from th e  
ergotam ine t re a tm e n t  on ly  a f t e r  s e v e ra l  hours.
These experim en ts  on i n t a c t  f i s h  i n d i c a t e  t h a t  the  
a d m in i s t r a t io n  o f  0 .0 5  mgm. o f  ergotam ine t a r t r a t e  may 
su p p ress  melanophore r e a c t io n  to  0 .0 2  mgm. o f e i t h e r  
a d r e n a l in  o r  n o ra d re n a l in .  A d ren a lin  a t  l e a s t ,  i s  s t i l l  
e f f e c t i v e  i n  m assive  doses (abou t 0 .1  mgm.). No o th e r
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doses were t e s t e d ,  bu t th e  e f f e c t s  of th e  above doses, 
when ad m in is te red  a lo n e , suggest t h a t  they  were n e i t h e r  
abnorm ally  h igh  nor c r i t i c a l l y  low. No ev idence was 
o b ta in e d  f o r  a r e v e r s a l  o f ag g reg a tin g  e f f e c t s ,  and th e  
r e s u l t s  of Wyman (1924) on i n j e c t e d  Fundulus and of 
G ie rsb e rg  (1930) on i n j e c t e d  minnows a re  t h e r e f o r e  coiifirmed
c. T es ts  .on I s o l a t e d  Skin P r e p a r a t io n s .
Spaeth and Barbour (1917) exposed s c a le s ,  b ea r in g  
m elanophores, to  s o lu t io n s  o f 1 p a r t  o f a d r e n a l in  i n  
10 ,000  of R inger. The normal a g g reg a tin g  response  was 
" te m p o ra r i ly  re v e rsed "  by p r i o r  im mersion i n  a s o lu t io n  
c o n ta in in g  1 p a r t  i n  3 ,0 0 0  o f  ergotam ine phosphate  f o r  
30  m inu te s , w h ile  exposure f o r  an hour to  e rg o t  s o lu t io n  
caused "pro longed  r e v e r s a l " .  I f  allow ance i s  made f o r  
th e  d i l u t i o n  o f an i n j e c t e d  dose w itM n  th e  body f l u i d s  
o f  th e  f i s h ,  th e s e  c o n c e n tra t io n s  a re  much h ig h e r  th a n  
th o se  encountered  by the 'm e lanop ho res  i n  th e  i n j e c t i o n  
experim en ts .
P ie c e s  o f minnow sk in  were p re p a red  as  d e sc r ib ed  i n  
C hapter l i e .  This method succeeds i n  i s o l a t i n g  th e  
m elanophores from th e  complex in f lu e n c e s  of th e  f i s h  body, 
and i s  th e  n e a re s t  approx im ation  which can be made to  th e  
i s o l a t e d  s c a le  p re p a ra t io n s  o f  Fundulus. as  u sed  by 
Spaeth  e t  a l .  The response  o f  th e s e  p r e p a ra t io n s  to
225%
h ig h  c o n c e n tra t io n s  of a d r e n a l in  has a lre a d y  been used  as 
a t e s t  f o r  re sp o n s iv e n ess  a t  th e  end of each experim ent 
i n  Chapter l i e .
A normal f i s h  was a n a e s th e t is e d  i n  0.5^ u re th a n e ,  a 
s t r i p  o f sk in  was removed from i t s  f la n k  and th e  f i s h  was 
d e c a p i ta te d .  The sk in  was d iv id ed  i n t o  fo u r  p ie c e s ,  each 
o f  which was t r a n s f e r r e d  to  a small d is h  of Young * s 
R inger. M ic ro sco p ica l o b s e rv a t io n  showed t h a t  f o r  the  
f i r s t  15  m inutes th e  melanophores were u n a f fe c te d  by t h i s  
s o lu t io n  (see  Appendix IV ). The R inger s o lu t io n  was th en  
c a r e f u l l y  re p la c e d  by a s im i la r  s o lu t io n  co n ta in in g  1 p a r t  
i n  1 0 ,000  o f a d r e n a l in .  A ll th e  m elanophores aggregated  
com ple te ly  i n  7 -  10  m inu tes , th e  response  be ing  q u ic k e s t  
a t  th e  p e r ip h e ry  of each p r e p a r a t io n  and slow est a t  th e  
c e n t r e .  The a d r e n a l in  s d u t i o n  was removed a t  t h i s  s tag e  
and re p la ced  by f r e s h  R inger which was changed f r e q u e n t ly .  
A f te r  a f u r t h e r  45 m inu tes  th e  m elanophores o f th e  
th in n e s t  p ie c e  o f  sk in  s t a r t e d  to  r e d is p e r s e  t h e i r  
pigm ent and i n  a f u r t h e r  15  m inu tes  th ey  had reg a in ed  
t h e i r  o r ig in a l  s t a t e .  The m elanophores of th e  o th e r  
t h r e e  p ie c e s ,  w ith  r a th e r  more body t i s s u e  a t ta c h e d ,  showed 
no s ig n s  of reco v ery  up to  1-^  hours  a f t e r  removal of th e  
a d r e n a l in  s o lu t io n .  A f te r  a f u r t h e r  12 hours i n  p l a i n  
R inger s o lu t io n  a l l  melanophores were found to  be f u l l y  
ag g reg a ted . Whereas Spaeth*s p r e p a ra t io n s  showed 
r e v e r s i b l e  and r e p e a ta b le  re sp o n se s ,  th e  melanophores
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were i n  much more in t im a te  c o n ta c t  w ith  th e  surrounding  
s o lu t io n s  th an  were those  of th e  minnow p re p a r a t io n s .
The ep iderm is  may be regarded  as f a i r l y  impermeable and 
th e  sub-epiderm al t i s s u e  which accompanied th e s e  
p r e p a r a t io n s  must have p re se n te d  a b a r r i e r  to  d i f f u s io n .
I n  view of th e  extreme s e n s i t i v i t y  of the  m elanophores to  
a d re n a l in ,  i t  i s  h a rd ly  s u r p r i s in g  t h a t  le a c h in g  o f th e  
drug to  an i n e f f e c t i v e  l e v e l  d id  not always o ccu r . The 
la c k  o f  r e v e r s i b i l i t y  and th e  slowness of th e  re sp o n ses , 
wliile u n fo r tu n a te  i n  p e rm i t t in g  each experim ent to  be 
perform ed only  once, a re  t h e r e f o r e  not regarded  as 
i n v a l i d a t i n g  th e  p r e p a r a t io n  o r  i t s  re sp o n ses .
A second f i s h  was a n a e s th e t i s e d  and a s t r i p  o f sk in  
was removed from each f la n k .  Each s t r i p  was d iv id ed  
i n t o  fo u r  p ie c e s  and a l l  were p u t  i n  R inger. The 
m elanophores showed no changes a f t e r  10 m inu tes . Four 
p ie c e s  were th e n  t r a n s f e r r e d  to  a d is h  of Femergin (1 p a r t  
o f  ergotam ine i n  2 ,000 p a r t s  o f p la c e b o ) .  I n  each of 
th e s e  th e  m elanophores agg reg a ted  com plete ly  i n  30  m inutes 
w h ile  th o se  l e f t  i n  R inger showed no change. A ll were 
th e n  washed i n  p l a i n  R inger and p lace d  i n  s e p a ra te  d ish e s  
c o n ta in in g  a s o lu t io n  of 1 p a r t  a d r e n a l in  i n  1 0 ,0 0 0  p a r t s  
o f R inger. The n o n -e rg o t is e d  p r e p a ra t io n s  showed complete 
melanophore a g g re g a t io n  w i th in  5 m inu tes . They were th en  
t r a n s f e r r e d  to  p l a i n  R inger where some recovery  was 
ap p a ren t  a f t e r  an hour. The e r g o t - t r e a t e d  p re p a ra t io n s
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showed no f u r t h e r  response  up to  3 hours. The experim ent 
was rep ea ted  on e ig h t  p ie c e s  of sk in  from an o th e r  f i s h  m t h  
e x a c t ly  th e  same r e s u l t .
The ergotam ine phosphate  u sed  by Spaeth and Barbour 
was d is so lv e d  i n  an i o n i c a l l y  ba lanced  s o lu t io n  whose 
com position  was s im i l a r  to  t h a t  of Young’s RLnger (s e e  
Appendix IV ) . I n  th e  above experim ents  ergotam ine 
t a r t r a t e  was a l re a d y  d is so lv e d  i n  a p lacebo  c o n s i s t in g  of 
sodium c h lo r id e  and t a r t a r i c  a c id  ( s e e  Appendix IV ).
Spaeth  (1913 ) r e p o r te d  t h a t  excess  sodium io n s  caused 
s t ro n g  melanophore d i s p e r s io n ,  so t h a t  ergotam ine must 
have overcome t h i s  response  i n  th e  above experim ents .
I t  i s  p o s s ib le ,  however, t h a t  th e  ergotam ine and p lacebo  
had damaged th e  m elanophores i n  th e  aggregated  c o n d i t io n  
so t h a t  no f u r t h e r  re sp o n ses  cou ld  be expected . To t e s t  
t h i s ,  1 p a r t  o f c r y s t a l l i s e d  ergotam ine t a r t r a t e  
(m anufactu red  by M essrs . B urrough’ s Wellcome) was added 
t o  2 ,000  p a r t s  o f Young’ s R inger s o lu t io n .  This formed 
a l i g h t  f lo c c u le n t  p r e c i p i t a t e  which d is so lv e d  on th e  
a d d i t i o n  o f a sm all amount of t a r t a r i c  a c id .  A s im i la r  
q u a n t i t y  of t a r t a r i c  a c id  was added to  some f r e s h  RLnger 
f o r  u s e  as a c o n t ro l  medium.
E ig h t p ie c e s  o f  ^ i n  were o b ta in ed  from a normal 
f i s h  as  b e fo re .  Four were p lace d  i n  ergo tam ine-R inger 
s o lu t io n  and f o u r  i n  th e  c o n t ro l -R in g e r  s o lu t io n .  A ll  
m elanophores i n  e rg o t  became com ple te ly  ag g reg a ted , w hile  
th o se  i n  th e  c o n tro l  s o lu t io n  assumed a wide range of
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c o n d i t io n s .  Upon being  t r a n s f e r r e d  to  a s o lu t io n  of 1 
p a r t  o f a d r e n a l in  i n  1 0  ^000 p a r t s  o f Ringer th e  e rg o t-  
t r e a t e d  m elanophores showed no change w hile th e  c o n tro l  
m elanophores agg rega ted  co u p le t  e l  y and r a p id ly .  I n  a 
f u r t h e r  experim ent on an o th e r  f i s h  th e  m elanophores were 
no t couple t e l  y agg rega ted  by e rg o t  and, when p laced  i n  
a d re n a l in ,  a f u r t h e r  a g g re g a t io n  was observed . The 
c o n t ro l  p ie c e s ,  as b e fo re ,  showed a g g re g a t io n  on ly  i n  
a d r e n a l in .
Tliis experim ent was th en  re p e a te d  w ith  1- n o r a d r e n a l in  
s o lu t io n .  E igh t p ie c e s  o f s k in  were removed from a f r e s h  
f i s h ;  fo u r  were p lace d  i n  e rg o t  (R inger + ergotam ine 
t a r t r a t e  ( 1 : 2 , 000) + t a r t a r i c  a c id ) ,  and fo u r  i n  c o n tro l  
s o lu t io n  (R inger + t a r t a r i c  a c id ) .  A f te r  an hour th e  
e r g o t - t r e a t e d  m elanophores showed c o n s id e ra b le ,  b u t  not 
maximal, a g g re g a t io n  w hile  th e  c o n t r o l s  were unchanged.
A ll  m elanophores i n  bo th  s e r i e s  o f p r e p a ra t io n s  aggregated  
co m p le te ly  when p lace d  i n  1- n o r a d r e n a l in  s o lu t io n  (1  p a r t  
i n  1 0 ,0 0 0  o f  R in g e r) .  S im ila r  r e s u l t s  were o b ta in ed  i n  
an experim ent on a second f i s h ,  a f t e r  e rg o t  and c o n t ro l -  
s o lu t io n  tre a tm e n t  f o r  30  m inu tes .
I t  was s t i l l  p o s s ib le  t h a t  th e  t re a tm e n t  o f p ie c e s  
o f sk in  i n  s o lu t io n s  o f  ergotam ine was not e q u iv a le n t  
t o  th e  e f f e c t  o f  i n j e c t i n g  th e  drug i n t o  i n t a c t  f i s h .
Two f i s h  were th e r e f o r e  i n j e c t e d ,  each w ith  0 .1  ml. o f  
u n d i lu te d  Femergin ( a s  f o r  th e  nerve s t im u la t io n
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ex p e r im e n ts ) ,  whereupon they  p a le d  on a b lack  background. 
A f te r  one hour th e  f i s h  were a n a e s th e t i s e d  and f o u r  
p ie c e s  o f sk in  from each were removed to  a d r e n a l in  
s o lu t io n  (1 p a r t  i n  10 ,000  o f R in ger) .  I n  one case  
a g g re g a t io n  was a l re a d y  alm ost complete and no f u r t h e r  
change occu rred . I n  th e  o th e r  case  com plete a g g re g a t io n  
o f a l l  melanophores occu rred  i n  20 m inu tes .
F in a l ly  two norma], f i s h  were i n j e c t e d  w ith  0 .1  ml. 
o f  Femergin each and p ie c e s  of sk in  were removed a f t e r  
30  m inu tes  i n  one case  and an hour i n  th e  o th e r .  P ie c e s  
of sk in  were a ls o  p re p a red  from a t h i r d ,  u n t r e a te d ,  f i s h .  
N e i th e r  of th e  e r g o t - t r e a t e d  s e r i e s  o f p r e p a ra t io n s  
showed complete a g g re g a t io n ,  w h ile  th e  u n t r e a te d  p ie c e s  
were alm ost com ple te ly  d is p e rs e d .  When t r a n s f e r r e d  to  
a s o lu t io n  o f 1 -n o ra d re n a l in  (1 p a r t  i n  5,000 o f  R ing er) , 
a l l  agg regated  com plete ly  and r a p id ly .
I n  th e s e  l a s t  experim ents  th e  m elanophores rece ived  
e x a c t ly  th e  same t re a tm e n t  as  i n  th e  n e r v e - s t im u la t io n  
experim en ts  bu t no r e v e r s a l  o f response  to  e i t h e r  a d r e n a l in  
o r  1 -n o ra d re n a l in  could be dem onstra ted . I n  many cases  
t h e r e  s t i l l  remained an a g g reg a tin g  response . These 
r e s u l t s  i n d i c a t e  t h a t  th e  d i s p e r s io n  which occu rs  i n  
e r g o t - t r e a t e d  f i s h ,  when chrom atic  n e r v e - t r a c t s  a re  
s t im u la te d  e l e c t r i c a l l y ,  i s  not due to  a r e v e r s a l  o f 
re sp onse  to  th e s e  p a r t i c u l a r  t r a n s m i t t e r  su b s ta n c e s .  I t  
m ight th e r e f o r e  be assumed to  be a response  to  th e
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e x c i t a t i o n  of d i s p e r s in g  f i b r e s  when th e  a d re n e rg ic  
s e n s i t i v i t y  i s  reduced as o r i g i n a l l y  suggested  by G iersb e rg .
N e v e r th e le ss  i t  i s  s t i l l  p o s s ib le  t h a t  th e  ag g reg a tin g  
n e r v e - f ib r e  endings i n  th e  sk in  of th e  minnow produce 
n e i t h e r  a d r e n a l in  nor n o ra d re n a l in .  S evera l o th e r  
sympathomimetic su b s tan ces  w ith  r e l a t e d  m o lecu la r  s t r u c tu r e  
a re  now known. T he ir  n a tu r a l  occu rrence  i s  d o u b tfu l ,  bu t 
one o f them may occur i n  the  minnow. I n  view of th e  
d i f f e r e n t i a l  and v a ry in g  e f f e c t s  of e rg o t  on a d r e n a l in  and 
n o ra d re n a l in  (B arger and Dale, 1910; Goodman and Gilman, 
1 9 5 6 ) , th e  substance  produced i n  th e  minnow may be more 
s u s c e p t ib le  to  r e v e r s a l  of i t s  in f lu e n c e  th a n  e i t h e r  of 
th e s e .  U n less  th e  chemical m ed ia to r  ( o r  neurohumor) 
l i b e r a t e d  by m elanophore -aggrega ting  n e r v e - f ib r e s  can be 
i d e n t i f i e d ,  th e  experim ents  w ith  ergotam ine cannot 
c o n c lu s iv e ly  e s t a b l i s h  th e  p re sen ce  of double in n e rv a t io n .
d. Nerve S e c t io n  a f t e r  E rgotam ine.
S ince th e  chrom atic  response  to  nerve s t im u la t io n  
i s  re v e rse d  by t re a tm e n t  w ith  ergo tam ine, i t  would be of 
i n t e r e s t  to  i n v e s t i g a t e  th e  e f f e c t  o f  t h i s  drug on o th e r  
chrom atic  re sp o n se s .  The l o c a l  darkening  of newly 
den e rva ted  a re a s  was con s ide red  by P a rk e r  to  dem onstra te  
th e  p resen ce  of d i s p e r s in g  f i b r e s  (s e e  Chapter Va) and 
e rg o t ,  u n l ik e  many o th e r  a d re n e rg ic  b lock ing  a g e n ts ,  does
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not r e s u lt  in  complete melanophore d isp ersio n . The two 
in f lu e n c e s  were th erefo re  applied  togeth er .
Three normal minnows were allov/ed to  adapt to  a 
black background. Then each was in je c te d  in tra p er ito n -  
e a l ly  with 0 .1  ml. o f Femergin. A fter 20 m inutes, 40 
m inutes and 1 hour, r e sp e c t iv e ly , each f i s h  was 
an aesth etised  and subjected  to  both caudal-band se c tio n  
( a f t e r  Gray, 1955a) and u n ila te r a l  superf i  c i a l-  ophthalmi c- 
nerve se c t io n  (s e e  Chapter V e). The wounds were 
sutured and the f i s h  allowed to  recover on a black back­
ground. No s ig n  of any responses could be d etected , 
e ith e r  m icro sco p ica lly  or by the naked eye, on the head 
o f any f i s h ,  up to  2 'hours a f te r  nerve se c t io n . On the  
t a i l s  o f two o f the f i s h  there was a su ggestion  of very  
s l ig h t ly  greater aggregation  w ith in  the denervated area. 
This was very in d e f in i t e  because o f the p a le  co n d itio n  
o f the r e s t  of the sk in .
In  order to  check on th is  response, the experiment 
should be repeated u sin g  a second drug to  oppose the  
d ir e c t  a c tio n  o f the ergo t, and so b ia s  the melanophores 
i n  the d ir e c t io n  of greater d isp er s io n . This p r in c ip le  
would have to  be q u ite  independent of th e nervous system  
i n  i t s  a c t io n . M elanophore-dispersing hormone prepared 
from mammalian p itu ita r y  glands would appear to  be 
su ita b le , but no a c t iv e  preparation  was a v a ila b le  at the  
tim e.
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The experim ent i s  worth r e p o r t in g  f o r  th e  la c k  of 
d i s p e r s io n  a lo n e . I f  e rg o t  m ere ly  reduces ad re n e rg ic  
s e n s i t i v i t y ,  as G ie rsbe rg  supposed, th en  s t im u la t io n  of 
d i s p e r s in g  f i b r e s  by c u t t in g  them, as P a rk e r  supposed, 
would be expected  to  be a l l  th e  more e f f e c t i v e .  The 
d i r e c t  (a g g reg a tin g )  e f f e c t  of e rg o t  on th e  melanophores 
could  h a rd ly  be h e ld  to  p re v en t  them from d is p e r s in g ,  
s in c e  th ey  accom plish  t h i s  r e a d i ly  when s t im u la te d  
e l e c t r i c a l l y .  On th e  o th e r  hand i f ,  as  has been w idely  
h e ld ,  th e  i n i t i a l  d i s p e r s io n  a f t e r  d e n e rv a t io n  i s  due 
to  l o s s  o f ag g reg a tin g  ton us , a f u r t h e r  l o s s  a f t e r  th e  
f i b r e s  have been b locked by e rg o t  would have no e f f e c t .
I n  t h i s  case th e  d i s p e r s io n  e l i c i t e d  by e l e c t r i c a l  
s t im u la t io n  i s  d i f f i c u l t  to  e x p la in .  I f  e rg o t  r e v e r s e s  
th e  in f lu e n c e  o f a d re n e rg ic  p a l i n g - f i b r e s ,  as Gray 
sugges ted , a f u r t h e r  l o s s  of tonus  due to  nerve s e c t io n  
should  r e s u l t  i n  f u r t h e r  a g g re g a t io n  as  a d i r e c t  response 
to  ergotam ine. This was no t observed on th e  head bu t 
may have occu rred  on th e  t a i l .  These r e s u l t s  th e r e f o r e  
sugg es t t h a t  e i t h e r  G ie rsbe rg  o r  P a rk e r  was i n c o r r e c t  i n  
h i s  assum ptions, b u t th e  p o s i t i o n  r e q u i r e s  much more 
d e t a i l e d  i n v e s t i g a t i o n  and t h i s ,  u n fo r tu n a te ly ,  could  
no t be a ttem pted  i n  th e  time a v a i l a b l e .
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e. Temperature Responses a f t e r  Ergotam ine.
The th e o ry  of th e  l o c a l  tem pera tu re  e f f e c t  p u t  forw ard 
i n  C hapter I l f  supposes t h a t  double in n e r v a t io n  does e x i s t  
i n  th e  minnow. An i n v e s t i g a t i o n  of t h i s  response  a f t e r  
e rg o t  t re a tm e n t  was th e r e f o r e  made.
Smith (1931a) found t h a t  i n  Fundulus t r e a t e d  w ith  
ergotam ine (a s  d e sc r ib e d  i n  Chapter Vic) th e  m elanophores 
d is p e r s e d  t h e i r  pigment a t  low tem p era tu re s  and 
ag g rega ted  i t  as  h igh  ones. He assumed t h a t  th e  response 
was e q u iv a le n t  to  t h a t  of den erv a ted  melanophores and 
re p re s e n te d  a d i r e c t  response  to  tem pera tu re  on th e  p a r t  
o f  th e  e f f e c t o r  c e l l s  a f t e r  th e  therm al r e f l e x  had been 
b locked .
Four f i s h  were i n  t u r n  allow ed to  adapt to  a b lack  
background and i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith  0.1 ml. 
o f Femergin. IVhen p a l in g  had p ro g re sse d  to  th e  normal 
e r g o t i s e d  c o n d i t io n ,  each f i s h  was a n a e s th e t i s e d  i n  
u re th a n e  and su b je c te d  to  tem p era tu re  t e s t s  as perform ed 
i n  C hapter IV. Three f i s h  became a l i t t l e  d a rk e r  when 
comatose, bu t much l e s s  so th a n  normal f i s h ,  and one 
remained p a le .  I n  every  case  co o ling  by m e lt in g  i c e  
produced c o n s id e ra b le  l o c a l  darken ing , a lthough  
m elanophore d i s p e r s io n  never became com plete. This 
re sponse  was c a r e f u l l y  checked and re p ea ted  se v e ra l  tim es 
on each f i s h .  Recovery of th e  o r ig in a l  c o n d i t io n  always 
o ccu rred  a t  roan tem p era tu re .  When th e  tem p era tu re  o f a
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j e t  o f  w ate r was r a i s e d  slow ly, two f i s h  showed no response 
(one was v e ry  p a l e ) ,  and th e  o th e r  two showed d i s t i n c t  
l o c a l  p a l in g  a t  35^0. This was r e v e r s ib l e  and rep ea ted  
s e v e ra l  t im es . Each f i s h  m ain ta in ed  a s tead y  r e s p i r a to r y  
rhythm th roughou t th e  experim ent and a f te rw a rd s  recovered  
com plete ly .
Thus i t  seems t h a t ,  as  Smith found i n  Fundulus. th e  
tem p era tu re  e f f e c t  becomes re v e rsed  (o r  perhaps th e  
d en e rv a ted  response  i s  produced) a f t e r  a d m in i s t r a t io n  of 
ergo tam ine .
The r e s u l t s  o f t h i s  Chapter w i l l  be d iscu ssed  i n  
C hapter V l l lg .
CHAPTER V I I I .
EXPERIMENTS WITH SOME OTHER PRIGS.
a. R o g i t in e .
Goodman and Gilman (1956) s t a t e d  t h a t  th e  s p e c i f i c i t y  
o f  e rg o t  i s  low, a lth o u g h  th e  e f f e c t iv e n e s s  of a d re n e rg ic  
b lockade i s  h ig h . E f f e c t s  upon th e  c e n t r a l  nervous system 
were s a id  to  be complex. I t  t h e r e f o r e  seemed a d v isa b le  
to  r e p e a t  some of th e  fo reg o in g  experim ents  w ith  an
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a l t e r n a t i v e  sy m p a tM co ly tic  ag e n t.
R og itine  was claim ed to  be one of th e  most p o te n t  and 
most s e l e c t iv e  of a d re n e rg ic  b lo ck in g  agen ts  a v a i l a b le .  
Produced by M essrs. CIBA L a b o ra to r ie s  L td . ,  i t  i s  a ls o  
known as R ogetine, R egetine , and 0-7337. I t s  r ig o ro u s  
chem ical name i s  2( N-p- to ly l-N -  (m- hydroxyphenyl) -  ami nomethyl) 
im id a z o l in e ,  and i t  i s  sup p lied  i n  ampoules c o n ta in in g  a 
s o lu t io n  of i t s  methane su lp h o n a te . The m an u fac tu re rs  
claim ed t h a t  . . i n  com para tive ly  sm all doses , R o g itine  
b lo c k s  th e  p e r ip h e r a l  e f f e c t  a s s o c ia te d  w ith  s t im u la t io n  
o f  th e  sym pathetic  nerves'* and t h a t  i t  '* . . .  does no t 
an ta g o n ise  a c e ty lc h o l in e  or atropine**. This has been 
confirm ed q u a n t i t a t i v e l y  by T rapold , Warren and Woodbury 
( 1 9 5 0 ) ,  bu t th e se  a u th o rs  a ls o  s t a t e d  th a t  th e  r i s e  i n  
b lood  p re s s u re  i n  response  to  ep in ep h r in e  ( i n  dogs) was 
re v e rse d  by doses o f R o g itin e  between 0 .8  and 1 .0  mgm./kgm. 
S ide e f f e c t s  were s a id  to  be few and gen e ra l t o x i c i t y  to  
be v e ry  low.
This drug th e r e f o r e  appeared to  be a s u i t a b l e  
sy m p a th ico ly tic  agen t f o r  com parison w ith  ergo tam ine .
I n  th e  absence of any p re v io u s  re co rd s  of th e  e f f e c t s  
o f  R o g itin e  on co lo u r  change i n  t e l e o s t s ,  a f a i r l y  
e x te n s iv e  s e r i e s  of- t e s t s  was perfo im ed . The drug was 
a v a i l a b le  i n  ampoules co n ta in in g  5 mgm. of th e  methane 
su lph ona te  i n . 1 .0  ml. o f p laceb o . One w h ite -ad ap ted  
minnow was i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith  0.1 ml. o f t h i s
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p re p a ra t io n ,  a dose o f  0 .5  mgm. o r  about l4 o  mgm./kgm. 
Complete darkening  occu rred  w i th in  8 m inu tes  and th e  f i s h  
was dead a f t e r  17 m inu tes . The c o n te n ts  of th e  ampoule 
were th e n  d i lu t e d  w ith  an equal amount of B inger and s ix  
f i s h  were each g iv en  0.1 ml. o f t h i s  s o lu t io n .  A ll 
darkened maxim ally b u t th re e  d ied  a f t e r  an hour; th e  o th e r  
t h r e e  recovered  com plete ly . This dose (0 .2 5  mgm., o r 
70 mgm./kgm.) appeared to  be about th e  acu te  l e t h a l  dose 
f o r  5P^ of th e  r e c i p i e n t s .  M essrs. CIBA s ta t e d  t h a t  
t o x i c i t y  occu rs  i n  mammals a t  a dose of 75 mgm./kgm. 
S ubsequen tly  one p a r t  o f p lacebo  was d i lu te d  w ith  th re e  
p a r t s  o f RLnger and 0.1 ml. o f t h i s  s o lu t io n  was u sed  as 
th e  s tan d a rd  dose (0 .1 2 5  mgm. o r  3 7 .5  mgm./kgm.) No i l l  
e f f e c t s  were observed i n  th e  ensu ing  t e s t s .
(1) Three f i s h  were m ain ta in ed  on a b lack  background f o r  
a c o n s id e ra b le  p e r io d  so t h a t  a low l e v e l  o f hypophyseal 
m elan oph o re -agg reg a tin g  hormone should be p re s e n t  i n  th e  
b lo o d -s trea m . They were th e n  p lace d  on a w hite  background 
u n t i l  j u s t  w h ite -a d ap ted  and each was i n j e c t e d  w ith  a 
s tan d a rd  dose o f R o g it in e .  A ll darkened co m p le te ly  w i th in  
15 m in u te s . A f te r  6 hours each f i s h  was d i s t i n c t l y  p a l e r ,  
and a f t e r  12 hours  a l l  were alm ost com ple te ly  w h ite - 
adap ted  ag a in .
(2) Three more f i s h  wMch had been long  b lack -ad ap ted  were 
each i n j e c t e d  w ith  a dose o f R o g itin e  i n t o  which had been 
ground one a c e to n e -d r ie d  minnow p i t u i t a r y  g land  (c o n ta in in g
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a m elanophore -aggrega ting  p r i n c i p l e ) .  The f i s h  were 
re p la c e d  on a b lack  background. A ll p a led  alm ost 
co m p le te ly  a t  f i r s t ,  as i f  g iven  p i t u i t a r y  e x t r a c t  a lone , 
and slow ly  recovered  t h e i r  f u l l y  dark c o n d i t io n  i n  about 
6 hours .
(3) The same experim ent was th e n  re p e a te d  on th r e e  f i s h  
newly adapted  to  a w hite  background. A ll darkened some­
what follo-vdng th e  i n j e c t i o n ,  b u t  th e n  p a led  com plete ly  
from 30 to  6o m inu tes  a f t e r  i n j e c t i o n .  Each f i s h  th e n  
darkened to  an in te rm e d ia te  c o n d i t io n  a f t e r  3 hours  and 
p a le d  a g a in  up to  l 8  hours.
(4) Three f u r t h e r  f i s h  which were each i n j e c t e d  on a 
b lack  background w ith  one minnow p i t u i t a r y  e x t r a c te d  i n  
0 .1  ml. o f RLnger, p a le d  maxim ally i n  about 45 m inu tes 
and darkened a g a in  i n  3 -  5 hours  ( s e e  F igure  1 0 ) .
From t h i s  i t  appears  t h a t  R o g itin e  a c t s  more q u ic k ly  th an  
i n j e c t e d  m elanophore -agg rega ting  hormone, and t h a t  i t s  
e f f e c t  l a s t s  lo n g e r ,  b u t t h a t  th e  hoimone i s  dominant 
f o r  some time a t  th e  l e v e l s  a d m in is te red .
(5) Three f i s h  were allow ed to  adap t to  a w hite  background 
i n  a good l i g h t  f o r  n ine  days, by which tim e th e  
c o n c e n t r a t io n  of ag g reg a tin g  hormone i n  th e  blood should 
have reached  e q u i l ib r iu m  a t  i t s  normal h igh  l e v e l  (H ealey, 
1951). When i n j e c t e d  w ith  a dose o f  R og itin e  a l l  th r e e  
f i s h  darkened com ple te ly  w it l i in  30  m inu tes and p a led  
s low ly  over some hours . A normal l e v e l  o f hormone does
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not th e r e f o r e  appear to  a f f e c t  th e  re sponses  to  t h i s  dose 
o f R o g it in e .
(6) Four more long  w h ite -ad ap ted  f i s h  were i n j e c t e d  w ith  
0 .1  ml. of 1 p a r t  R o g itin e  i n  9 p a r t s  of RLnger, a dose 
o f 0 .05  mgm. A ll darkened norm ally  a t  f i r s t  bu t complete 
re co v e ry  occu rred  i n  3 -  6 hours i n  d i f f e r e n t  in d iv id u a l s .  
The l a r g e r  dose (0 .125  mgm.) was th e r e f o r e  used 
subseq uen tly .
A c o n t ro l le d  dose of i n j e c t e d  minnow p i t u i t a r y  
hormone th u s  appears  to  be s u i t a b l e  f o r  opposing th e  
d i s p e r s in g  a c t io n  o f  R o g itine  (w hatever th e  mechanism of 
t h i s  a c t i o n ) ,  to  p e rm it i n v e s t i g a t i o n  of nervous d is p e r s in g  
a c t i v i t y  u nd er th e  in f lu e n c e  of t i i i s  drug.
b . The E f fe c t  o f  R o g itin e  on some o th e r  Responses.
A f i s h  was i n j e c t e d  w ith  0 .1  ml. o f  R o g itin e  ( d i lu t e d  
x4) co n ta in in g  one minnow p i t u i t a r y  g land . A f te r  an hour, 
when th e  p a l in g  phase was maximal, th e  animal was 
a n a e s th e t i s e d  and p re p a red  f o r  e l e c t r i c a l  s t im u la t io n  of 
th e  s u p e r f i c i a l  ophthalm ic nerve , a s  i n  Chapter Ve.
P u ls e s  from 2 to  20 msec, i n  d u r a t io n  were a p p l ie d  a t  
f r e q u e n c ie s  from one p e r  second to  100 p e r  second i n  each 
o f  th r e e  e le c t r o d e  c o n f ig u ra t io n s ;  u n ip o la r  c a th o d a l,  
u n ip o la r  anodal, and b ip o la r .  I n  every  case  th e  v o l ta g e  
was r a i s e d  to  th e  l e v e l  which caused  v io l e n t  muscle tw itc h
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over th e  whole body (abou t 12 -  20 V .) ,  bu t no melanophore 
re sp o n se s  could be evoked. Two hours  a f t e r  i n j e c t i o n  th e  
m elanophores were beg inn ing  to  d is p e r s e  t h e i r  pigment 
somewhat as th e  e f f e c t  of th e  ag g reg a tin g  hormone d ec reased , 
b u t  n e i t h e r  a g g re g a t io n  nor d i s p e r s io n  occurred  upon 
e l e c t r i c a l  s t im u la t io n .  I n  case th e  melanophore nerves 
had been i r r e v e r s i b l y  damaged by th e  i n j e c t i o n ,  th e  f i s h  
was allowed to  re co v e r .  A f te r  24 hours i t  was a g a in  
a n a e s th e t i s e d  and th e  s u p e r f i c i a l  ophthalm ic nerve i n  th e  
o th e r  o r b i t  was s t im u la te d .  Normal ag g reg a tin g  responses  
o cc u rred  as i n  C hapter Vf. The f i s h ,  now b i l a t e r a l l y  
b l in d e d ,  was d e c a p i ta te d  u nder a n a e s th e t ic .
This experim ent was c a r e f u l l y  re p e a te d  on two f u r t h e r  
f i s h  and e x a c t ly  th e  same r e s u l t s  were o b ta in e d . Thus 
R o g it in e  appeared  to  a b o l i s h  nervous in f lu e n c e s  com ple te ly  
b u t  te m p o ra r i ly ,  w h ile  le a v in g  th e  m elanophores f r e e  to  
respond to  humoral f a c t o r s  i f  th e s e  were p re s e n t  i n  l a r g e  
q u a n t i t i e s .
Four f i s h  were th e n  i n j e c t e d  w ith  R og itin e  on a 
w h ite  background. A f te r  30 m in u te s , when each was 
com ple te ly  dark , i t  was a n a e s th e t i s e d  and t e s t e d  f o r  
tem p era tu re  re sp o n se s ,  as  i n  C hapter IV. No re sp o n ses  
could  be o b ta in ed  by l o c a l  h e a t in g  up to  36^ 0 . ,  nor u n d e r  
m e l t in g  i c e ,  nor a f t e r  th e  removal o f i c e .  Each t e s t  
was re p e a te d  b o th  q u ic k ly  and slow ly , and pro longed  
exposure to  th e  extreme te m p era tu re s  was u sed , b u t  no
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changes occurred  i n  th e  m elanophores. A ll th e  f i s h  
b re a th e d  r e g u la r ly  and recovery  from bo th  a n a e s th e t i c  and 
R o g it in e  appeared to  be com plete.
I n  case R o g itin e  e x e r te d  to o  powerful a d i s p e r s in g  
in f lu e n c e ,  th e  experim ent was re p e a te d  w ith  fo u r  f i s h  
wliich each re c e iv e d  R o g itin e  and one minnow p i t u i t a r y  g land . 
Each was a n a e s th e t i s e d  i n  th e  p a le  phase and t e s t e d  as th e  
e f f e c t  o f th e  hormone g ra d u a l ly  d im in ished . I n  every  case 
marked b u t no t com plete d i s p e r s io n  occu rred  when h e a te d  to  
3 6 ^ 0 . and a ls o  u n d e r  m e lt in g  i c e .  These re sp o n ses  were 
always r e v e r s ib l e  and were re p e a te d ly  evoked i n  each f i s h  
f o r  a c o n s id e ra b le  p e r io d .  I n  one f i s h  r e s p i r a t o r y  move­
ments ceased du rin g  exposure to  w ate r  a t  35°C. and no 
re c o v e ry  o ccu rred  a t  2C^C. IVhen th e  f i s h  was r e s u s c i t a t e d  
by d i l u t i o n  o f th e  a n a e s th e t ic  supp ly , melanophore reco very  
to ck  p la c e  and b o th  h igh  and low tem p era tu re  re sp o n ses  were 
a g a in  o b ta in e d .  A ll th e  f i s h  recov ered  norm ally  i n  f r e s h ­
w a te r .
F in a l ly  th e  response  of m elanophores to  b o th  R o g itin e
and a d r e n a l in  was t e s t e d .  Three f i s h  were i n j e c t e d  w ith
R o g it in e  on a w h ite  background and when f u l l y  dark were
t r a n s f e r r e d  to  a b lack  background. Three f u r t h e r  f i s h
were i n j e c t e d  w ith  a s im i la r  q u a n t i t y  of RLnger and p laced
upon a b lack  background. T l i i r ty  m inu tes  a f t e r  th e  f i r s t
i n j e c t i o n  a l l  s ix  f i s h  were each g iven  0.1  ml. o f  a d r e n a l in
(1 p a r t  t o  5,000 of R in g e r ) . A ll p a le d  e q u a l ly  and a t  
s im i l a r  r a t e s .  The course  o f  reco v e ry  v a r ie d  somewhat
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between i n d iv id u a l s  b u t  no d i s t i n c t i o n  could be made 
betw een f i s h  of th e  two groups. Thus R o g itin e  appeared 
to  have no e f f e c t  upon chrom atic  re spon ses  to  i n j e c t e d  
a d r e n a l in  a t  th e  doses u sed .
c. A tro n in e .
T his drug was s e le c te d  as  a r e a d i ly  a v a i l a b le  
c h o l in e rg ic  d e p re s s a n t .  Goodman and Gilman (1956) s t a t e d  
t h a t  c l i n i c a l  doses of a t ro p in e  i n  mammals b locked  th e  
in f lu e n c e  o f  p o s t -g a n g l io n ic  c h o l in e rg ic  f i b r e s ,  le a v in g  
th e  a d re n e rg ic  system i n t a c t  and dom inant. Barbour and 
Spaeth  ( 1917 ) found t h a t  c o n c e n t ra t io n s  between 1 i n  1 ,000  
and 1 i n  100,000 produced d i s p e r s io n  i n  i s o l a t e d  sc a le
m elanophores of "Fundulus. Wyman (1924) confirm ed t h i s
(
by i n j e c t i n g  Fundulus w ith  0 .5  ml. of 0 .5^ s o lu t io n  of 
a t r o p in e  s u lp h a te ,  a dose o f 2*5 mgm. p e r  f i s h .  This 
produced com plete d i s p e r s io n  i n  4 m in u te s . Smith (1931a) 
i n j e c t e d  Fundulus w ith  O.3  -  0 .5  ml. o f  0 .013 -  0.11^ 
c o n c e n t ra t io n s  o f  a t ro p in e  s u lp h a te .  The r e s u l t s  were 
s a id  to  be u n ifo rm  r e g a r d le s s  o f th e  dosage. On a w hite  
background th e  f i s h  became in te rm e d ia te  i n  c o lo u r  w i th in  
5 - 1 5  m inu tes; on a b lack  background no change o ccu rred . 
S im i la r  r e s u l t s  were o b ta in ed  by th e  same au th o r  on 
Phoxinus (1931b). When t r a n s f e r r e d  from one background 
to  th e  o th e r ,  a t r o p in i s e d  Fundulus showed a d a p tiv e
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re sp o n se s  between th e  two s t a t e s  d e sc r ib e d .  The complete 
re sp o n se , th e r e f o r e ,  had th e  o p p o s i te  e f f e c t  to  t h a t  
d e sc r ib e d  f o r  Fundulus t r e a t e d  w ith  ergotam ine (s e e  
C hapter V ic) . At h ig h e r  doses Smith was ab le  to  confirm  
Wyman* s r e s u l t s ,  b u t  none o f th e  f i s h  su rv iv ed . Smith 
argued  t h a t  th e  l e t h a l  dose caused complete darken ing  by 
g e n e ra l  p a r a l y s i s ,  w hile  sm a lle r  doses had a more s p e c i f i c  
e f f e c t .
Smith a l s o  t e s t e d  th e  e f f e c t  o f  l o c a l  tem p era tu re  
changes on a t r o p in i s e d  Fun d u lu s . A f te r  doses s u f f i c i e n t  
to  produce p a r t i a l  darkening  on a w hite  background, th e  
m elanophores produced com plete a g g re g a t io n  a t  low 
te m p e ra tu re s  and com plete d i s p e r s io n  a t  h igh  te m p e ra tu re s .  
The a c tu a l  te m p e ra tu re s  employed were not d e f in e d , bu t 
Smith concluded t h a t  normal re sp o n se s  were no t a f f e c te d  
by a t ro p in e  t r e a tm e n t .
For th e  p re s e n t  work a t ro p in e  was a v a i l a b le  as  th e
s u lp h a te .  One f i s h  was i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith
0.1  ml. of a so lu tion  containing 1 part of the sa lt  in
200 o f  R inger, a dose of 0.5  mgm. f o r  a 3 .5  gm. f i s h .
On a w hite  background maximum melanophore d i s p e r s io n
o cc u rred  and th e  f i s h  d ied  a f t e r  20 m in u te s . Three f i s h
were then given 0.1  ml. of 1 part in  1,000  so lu tion  on a
w hite  background and a l l  darkened com plete ly  i n  15 m inu tes .
Recovery of the white-adapted condition was not quite  
complete a fter  7 hours. Tliis dose ( 0.1 mgm.) was made
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the standard for subsequent te s t s .
Three f is h  were given a dose of atropine sulphate 
with one minnow p itu ita ry  each, upon a black background. 
Paling occurred in  30 -  45 minutes, although i t  was 
incomplete in  one f is h . Redarkening took place gradually 
over the next 3 - 5  hours. IVhen three other f is h  were 
sim ilarly  tested  upon a wliite background s lig h t dispersion  
occurred in i t i a l l y  but the f is h  paled again a fter  20 -  45 
minutes; darkening occurred again about 4 hours a fter  
in je c t io n  but th is  did not become complete and the f is h  
became maximally pale again at 16 hours. Thus the 
response to atropine appeared to be sim ilar to that 
produced by Rogitine. This was surprising since the twoIS n
drugs a re  supposed to  p r o d u c e /e f f e c t s  i n  th e  autonomic 
nervous system . The r e s u l t s  o f  Smith cannot th e r e f o r e  be 
confirm ed i n  th e  minnow. R e la t iv e ly  small doses  
produced re sp o n ses  wliich were on ly  g iven  by l e t h a l  amounts 
i n  Fundulus.
d. The E f f e c t  o f  A tron ine  on some o th e r  Responses.
Three normal f i s h  were each in j e c t e d  w ith  a t ro p in e  
and one minnow p i t u i t a r y  g land  and were l e f t  on a b lack  
background u n t i l  darken ing  canmenced. Then each was 
a n a e s th e t i s e d  and p re p a red  f o r  e l e c t r i c a l  s t im u la t io n  of 
th e  s u p e r f i c i a l  ophthalm ic nerve . U n ip o la r  s t im u la t io n
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produced slow melanophore a g g re g a t io n  which was q u ic k ly  
r e v e r s ib l e  and r e p e a ta b le .  T hresho lds  appeared  to  be 
u n a f f e c te d  by th e  drug and b ip o la r  s t im u la t io n  was a ls o  
e f f e c t i v e  i n  p roduc ing  a g g re g a t io n .  The slowness o f the  
re spon se  d id  no t t h e r e f o r e  seem to  be caused by a decreased  
e x c i t a b i l i t y  of th e  n e r v e - f ib r e s  bu t by some antagonism of 
t h e i r  in f lu e n c e .
Four minnows were g iven  s tan d a rd  doses of a t ro p in e  
upon a w hite  background. A f te r  30 m inu tes , when f u l l y  
d a rk , each was a n a e s th e t i s e d  and t e s t e d  f o r  l o c a l  tem pera tu re  
re sp o n se s .  No changes could  be produced by h e a t in g  to  
3 6 ^ 0 . ,  by co o lin g  u n d e r  m e lt in g  i c e ,  o r  a f t e r  th e  removal 
o f i c e .  A ll f i s h  produced r e g u la r  r e s p i r a t o r y  movements 
and recovered  q u ic k ly  i n  an aquarium. Four f u r t h e r  f i s h  
were i n j e c t e d  w ith  a t ro p in e  to g e th e r  w ith  one minnow 
p i t u i t a r y  g land each. VJhen p a l in g  was com plete on a 
b la c k  background th e  f i s h  were a n a e s th e t is e d ,  i n  t u r n  and 
examined as b e fo re .  The m elanophores were now l a r g e l y  
i n  th e  ag g reg a ted  c o n d i t io n  b u t  com plete d i s p e r s io n  was 
produced bo th  u n d e r  m e lt in g  i c e  and a t  about 35^0. i n  every  
f i s h .  The re sp o n ses  were a l l  r e v e r s ib l e  a t  room 
tem p era tu re  and were a l l  c a r e f u l l y  checked. These r e s u l t s  
a r e  a t  v a r ia n c e  w ith  th o se  o f Smith on Fundulus and 
resem ble i n s t e a d  th o se  o b ta in ed  w ith  minnows t r e a t e d  w ith  
R o g it in e .  R e s p ira to ry  movements ceased f o r  a tim e i n  one 
f i s h  w hile  th e  m elanophores were a t  35 C. No recov ery
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o ccu rred  a t  l 6  C. u n t i l  th e  o p e rc u la r  movement was r e s to r e d .  
A s im i l a r  i n c id e n t  occu rred  w ith  one of th e  f i s h  t r e a t e d  
v/ith  R o g itine  (C h ap te r  V ll lb )  and was f r e q u e n t ly  observed 
i n  normal minnows (C hap ter I l l d ) .
e. A c e ty lc h o l in e .
This substance  has o f t e n  been supposed to  a c t  as th e  
chem ical m ed ia to r  f o r  th e  h y p o th e t ic a l  melanophore 
d i s p e r s in g  f i b r e s .  VJhen u sed  to  in f lu e n c e  t e l e o s t  
m elanophores i t  has g e n e ra l ly  produced l i t t l e  e f f e c t .  
B arbour and Spaeth  (1917) r e p o r te d  t h a t  th e  i s o l a t e d - s c a l e  
m elanophores o f Fundulus were u n a f f e c te d  by c o n c e n t ra t io n s  
as  h igh  as  1 p a r t  i n  1 ,000 . S l ig h t  re sp o n ses  i n  e i t h e r  
d i r e c t i o n  were d e sc r ib ed  f o r  v a r io u s  o th e r  s p e c ie s  by 
P a rk e r  (1948). I t  i s  g e n e ra l ly  b e l ie v e d  t h a t  c h o lin -  
e s t e r a s e s  i n  th e  t i s s u e s  b reak  down th e  su bstance  too  
q u ic k ly  f o r  marked re sp o n ses  to  occu r . More r e l i a b l e  
r e s u l t s  have been o b ta in ed  by i n j e c t i n g  Ameiurus w ith  
e s e r in e  (P a rk e r ,  1948) so as  to  an tag o n ise  a c e ty lc h o l in ­
e s t e r a s e  and enhance th e  e f f e c t  o f n a tu r a l  o r  i n j e c t e d  
a c e ty lc h o l in e .  T his  p rocedure  produced s tro n g  darken ing  
w ith  b o th  l e t h a l  and s u b - le th a l  doses . G ie rsb e rg  (1930) 
and v .G e le i  (1942) b e l ie v e d  t h a t  bo th  a c e ty lc h o l in e  and 
ergotam ine were n e c e s sa ry  i n  o rd e r  to  produce d i s p e r s iv e  
re sp o n se s  to  e l e c t r i c a l  s t im u la t io n .
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I t  was f e l t  t h a t  th e  experim ents  re p o r te d  he re  would 
be incom p le te  w ith ou t a b r i e f  i n v e s t i g a t i o n  of th e  e f f e c t  
o f  a c e ty lc h o l in e  i n  th e  minnows u sed . The absence of 
re sp onse  when th e  sym pathetic  c h a in  was ba thed  i n  s o lu t io n s  
o f th e  drug was d e sc r ib e d  i n  C hapter VIb and d.
A c e ty lc h o lin e  c h lo r id e ,  produced by M essrs. Roche and 
Co., was d is so lv e d  i n  RLnger s o lu t io n  a t  v a r io u s  con­
c e n t r a t io n s  and was p repared  a f r e s h  f o r  each experim ent.
A minnow was i n j e c t e d  i n t r a p e r i t o n e a l l y  w ith  0 .1  ml. of 
10^ s o lu t io n  on a w hite  background. I t  became comatose 
v e ry  q u ic k ly  and showed c o n s id e ra b le  darken ing  i n  p a tc h e s .  
I t  d ied  a f t e r  15 m in u tes . Pour more f i s h  were each g iven  
0 .1  ml. o f 1 .0 ^  s o lu t io n  on a w h ite  background. Two 
darkened and d ied  w i th in  50 m in u te s ,  a t h i r d  became some­
what darkened i n  20 m inu tes  bu t l a t e r  recovered , and the  
f o u r th  appeared  to  be u n a f fe c te d  c h ro m a tic a l ly ,  a lth o u g h  
i t  was r a th e r  u n e x c i ta b le  f o r  some tim e.
Four further f is h  were given 0.1 ml. of 0.25^ 
so lu tion  on. a white background. No chromatic responses 
or harmful e f fe c ts  appeared to be induced. F inally  four 
f i s h  were given th is  dose upon a black background, again 
without e ffe c t . V.Gelei stated that the doses he 
administered varied from 0.02 to 0.04 ml. of 0 .5  -  I.CÇJ 
so lu tion . These figu res give extreme values equivalent 
to 0.1  ml. of 0.1  -  0.4f  ^ so lution . The doses used above 
were therefore comparable to these.
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Pour f i s h  on a w hite  background and fo u r  more on a 
b lack  background were each i n j e c t e d  w ith  0.1 ml. o f  Femergin 
( a  s tan d a rd  dose of e rgo tam ine) . A f te r  45 m in u te s , when 
a l l  were alm ost f u l l y  p a le ,  each was f u r t h e r  i n j e c t e d  w ith  
0 .1  ml. of 0.25^ a c e ty lc h o l in e  c h lo r id e .  No changes were 
d e te c ta b le  up to  ^  hours.
Thus l e t h a l  doses o f a c e ty lc h o l in e  may produce uneven 
d arken ing . This does no t seem to  be a v e ry  s a t i s f a c t o r y  
response  s in ce  i t  could  be due to  complex s i d e - e f f e c t s .
These sim ple experim ents  produced no ev idence t h a t  th e  drug 
a f f e c t s  th e  ch rom atic  re sp onses  of th e  minnow.
f . U re thane  and A c e ty lc h o l in e s te r a s e .
A f te r  th e  experim en ta l work f o r  t h i s  t h e s i s  had been 
com pleted, i t  was found t h a t  th e  u re th a n e  grouping has been 
re p o r te d  to  be a n ta g o n i s t i c  to  a c e ty lc h o l in e s te r a s e  ( t h i s  
i s  d isc u s se d  by W right, 1952). The p o s s i b i l i t y  a ro se  
t h a t  u re th a n e  i t s e l f  a c te d  as  an a n t i c h o l in e s t e r a s e .  This 
was d i s tu r b in g  i n  view of i t s  wide u s e  as an a n a e s th e t ic  i n  
experim en ts  on double i n n e r v a t io n .  Also i t  p ro v id e s  a  < 
read y  e x p la n a t io n ,  i n  term s of c h o l in e rg ic  darken ing  f i b r e s ,  
f o r  th e  darken ing  observed on a n a e s th e t i s a t i o n  (b u t  no t f o r  
th e  subsequent p a l in g  -  see C hapter I l i a ) .
At t h i s  tim e Dr. J .  C. McAlpine, o f th e  I n s t i t u t e  of 
Laryngology and Otology, London, was making a com parative
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survey  of c h o l in e s te r a s e  a c t i v i t y  i n  d i f f e r e n t  an im als .
He k in d ly  agreed  to  examine th e  e f f e c t s  of u re th a n e  i n  the  
minnow. The fo llo w in g  experim ents  were perform ed by 
Dr. McAlpine w ith  a s s i s t a n c e  from th e  a u th o r .
Small b lo ck s  of muscle were cu t from th e  f l a n k s  cf 
s e v e ra l  normal minnows im m edia te ly  a f t e r  th ey  had been 
d e c a p i ta te d .  Each specimen was r a p id ly  f ro z e n  i n  a j e t  
o f  carbon  d io x id e  and p lace d  i n  a c r y o s ta t  a t  -2C^C.
Cold microtome f ro z e n  s e c t io n s ,  'lOjJ. th ic k ,  were cu t and 
mounted on g la s s  s l i d e s .  These s e c t io n s  were th e n  
t r e a t e d  by a t h i o - a c e t i c  a c id  method (McAlpine, unpub lished) 
i n  o rd e r  to  dem onstra te  a c e ty lc h o l in e s te r a s e  a c t i v i t y  i n  
th e  m o to r -e n d -p la te s  of th e  s k e l e t a l  m uscles. No 
u n s p e c i f i c  ch o li  n e s t  e r a s e s  were found . F u r th e r  s e c t io n s  
were in c u b a te d  f o r  bo th  1C m inu tes  and 20 m inu tes  i n  
2M, M, M/2 and M/10 s o lu t io n s  of u re th a n e  ( e th y l  carbam ate). 
No' i n h i b i t i o n  was found a t  M/10, and only s l i g h t  
i n h i b i t i o n  o ccu rred  i n  M/2 and M olar c o n c e n tra t io n s .
I n  th e  2t>l s o lu t io n  com ple te ly  n e g a t iv e  r e s u l t s  were\
o b ta in e d  i n  every  case ( i n d i c a t in g  complete su p p re ss io n  
o f  enzyme a c t i v i t y )  a ltho ugh  th e  c o n t r o l s  (w ith o u t 
u re th a n e )  showed normal a c t i v i t y .  Thus i t  was concluded 
t h a t  u re th a n e  does an tag o n ise  a c e ty lc h o l in e s te r a s e  bu t 
on ly  i n  c o n c e n tra t io n s  g r e a t e r  th a n  h a l f -m o la r ,  which 
r e p r e s e n t s  a c o n c e n t r a t io n  of 4 .45^ w/v. S im ila r  r e s u l t s  
were o b ta in ed  w ith  s e c t io n s  o f r a t - to n g u e  which was used
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a s  s tandard  m a te r ia l  f o r  th e  method.
As an a n a e s th e t i c ,  u re th a n e  was g e n e ra l ly  u sed  i n
c o n c e n tra t io n s  o f  on ly  0.5^ and 0.25^ (C hap ter l e ) , bu t
i t  i s  p o s s ib le  t h a t  th e  g i l l s  o f  th e  f i s h  a c t i v e l y  absorbed
th e  s a l t  and t h a t  h ig h e r  c o n c e n t r a t io n s  could have been
a t ta in e d  i n  th e  body f l u i d s .  One f i s h  was t h e r e f o r e
a n a e s th e t i s e d  by th e  normal method and was m ain ta ined
u n d e r  0.25^ u re th a n e  f o r  one h o u r. Then t h i s  f i s h  and
an u n t r e a te d  animal were d e c a p i ta te d  and s e c t io n s  of
t h e i r  m uscles were p rep ared  as  b e fo re .  S e c t io n s  from
b o th  f i s h  showed equal a c e ty lc h o l in e s te r a s e  a c t i v i t y  by
th e  t h i o - a c e t i c  a c id  method. When in c u b a te d  i n  th e
- 5
p re se n ce  of e s e r in e ,  a t  a c o n c e n t r a t io n  of 1 x 10 . ,
b o th  showed complete i n h i b i t i o n  of enzyme a c t i v i t y .
F u r th e r  s e c t io n s  from th e s e  two f i s h  were t r e a te d  
by an a l t e r n a t i v e  method due t o  G arori (1952). This 
c o n s i s te d  of two s e p a ra te  t e s t s ,  (1) by a c e ty l th io c h o l in e  
io d id e  (A Td) to  dem onstra te  s p e c i f i c  a c e ty lc h o l in e s te r a s e ,  
and (2) by b u t y l th i  ocho line  io d id e  (B T d) f o r  u n s p e c i f i c  
c h o l i  n e s t  e ra se  s. A ll  were in cu b a te d  f o r  one hour a t  40^C. 
Again no d i s t i n c t i o n  could  be drawn between th e  
a n a e s th e t i s e d  and u n a e s th e t i s e d  f i s h  f r a n  th e  ATd s e c t io n s .  
The B Td t e s t  f a i l e d  to  dem onstra te  th e  p re sen ce  of ^ y  
u n s p e c i f i c  enzymes and ATd i n  th e  p resen ce  of e s e r in e  
produced com ple te ly  n e g a tiv e  r e s u l t s .  This concludes th e  
work of Dr. McAlpine f o r  t h i s  t h e s i s .
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I t  can be s t a t e d  th e r e f o r e  t h a t  t r u e  a c e ty le h o l i r v  
e s te r a s e  i s  found i n  th e  m usc le -en d -p i a t  es of th e  minnow 
and t h a t  i t s  a c t i v i t y  i s  not suppressed  e i t h e r  by normal 
a n a e s th e s ia  i n  u re th a n e  or by d i r e c t  exposure to  u re th a n e  
i n  c o n c e n t ra t io n s  l e s s  th a n  about This does not
p re c lu d e  e f f e c t s  on c e n tr e s  w i th in  th e  c e n t r a l  nervous 
system which m ight cause th e  re sp o n ses  of th e  normal 
a n a e s th e t i s e d  f i s h .
No a c t i v i t y  could  be seen to  be a s s o c ia te d  w ith  th e  
m uscle m elanophores o r  w ith  th e  melanophores of th e  sk in , 
a lth o u g h  t r a n s v e r s e  s e c t io n s  were p ro b ab ly  f a r  from i d e a l  
f o r  observ ing  t h i s .  I n  co n n ec tio n  w ith  some o th e r  work 
a t  an e a r l i e r  d a te ,  th e  a u th o r  had t r e a t e d  whole p ie c e s  
o f minnow sk in  (removed as i n  Chapter l i e )  by an 
a c e ty lc h o l in e s t e r a s e  method due to  Holm stedt (1957a and 
b) . By p re s e n t in g  v a r io u s  com binations of s u b s t r a t e s  
and i n h i b i t o r s ,  t h i s  method produced e ig h t  specimens 
showing complete i n h i b i t i o n  and a l l  com binations of 
s p e c i f i c  and u n s p e c i f i c  enzyme a c t i v i t y .  Two minnows 
were allow ed to  adap t com plete ly  on a w hite  background 
so t h a t  m elan in  would not obscure  enzyme a c t i v i t y  a t  th e  
p e r ip h e ry  of th e  m elanophores. They were th e n  
d e c a p i ta te d  and sk in  p r e p a ra t io n s  were made from each as 
q u ic k ly  as p o s s ib le  to  p re v e n t  melanophore d i s p e r s io n  
fo llo w in g  d e n e rv a t io n .  Exam ination o f th e  s l i d e s  showed 
no a c t i v i t y  around any of th e  m elanophores i n  any of th e
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p re p a r a t io n s .  I t  was l a t e r  le a rn e d  t h a t  nruch lo n g e r  
in c u b a t io n  tim es  a re  p o s s ib le  w ith  t h i s  method and t h a t  
v e ry  f i n e  n e rv e -en d in g s  a re  sometimes on ly  v i s i b l e  a f t e r  
ex tended  t re a tm e n t .  Perhaps a more complete s e r i e s  of 
h is to c h e m ic a l  t e s t s  a long th e s e  l i n e s  might dem onstra te  
ch rom atic  c h o l in e rg ic  end ings , b u t  n e g a tiv e  r e s u l t s  would 
no t d isp ro v e  double in n e rv a t io n .
g. C o nc lus ion? .
Ni co l ( 1952 ) s t a t e d  t h a t  th e  u s e  of s t im u la t in g  and 
d e p re s s in g  drugs on th e  autonomic nervous system of 
t e l e o s t s  has produced l a r g e l y  i n c o n s i s t e n t  r e s u l t s .  This 
i s  borne out by th e  experim ents  o f  t h i s  and th e  p reced in g  
c h a p te r s .  The r e s u l t s  a re  b r i e f l y  summarised i n  Table I I  
and p re v io u s ly  r e p o r te d  r e s u l t s  f o r  R indulus a re  g iven  i n  
Table I I I .
I n  Fundulus some case may be argued f o r  double 
in n e r v a t io n ,  as  was done by Smith (1931a) , s in c e  th e  
e f f e c t s  o f e rg o t  and a t ro p in e  a re  complementary. However, 
e rg o t  should su p p ress  th e  ag g re g a t in g  a c t i v i t y ,  whereas 
th e  t r e a t e d  f i s h  were u n ab le  to  darken  ccm ple te ly . 
C onverse ly , a t r o p in e ,  i f  i t  had any e f f e c t ,  m ight have 
suppressed  d i s p e r s in g  a c t i v i t y ,  bu t th e  f i s h  were u n ab le  
to  p a le  com p le te ly . The r e v e r s a l  o f tem p era tu re  re spo nses  
by e r g o t ,  bu t not by a t ro p in e ,  was i n t e r p r e t e d  by Smith as
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showing t h a t  th e  nerve f i b r e s  of th e  therm al r e f l e x  were 
a d re n e rg ic .  These r e s u l t s  do not support th e  th e o ry  of 
th e  therm al mechanism pu t forw ard  i n  t h i s  t h e s i s  (C hap ter 
I l f ) .
The r e s u l t s  o b ta in ed  w ith  th e  minnow b e a r  l i t t l e  
s i m i l a r i t y  to  th e  above and throw l i t t l e  l i g h t  on 
chrom atic  c o n tro l  i n  t h i s  s p e c ie s .  The e f f e c t s  of 
i n j e c t i o n s  of e rg o t  d i f f e r e d  from th o se  i n  Fundulus and 
from th o se  re p o r te d  i n  Phoxinus by o th e r  w orkers . The 
r e v e r s a l  o f response  to  e l e c t r i c a l  s t im u la t io n  and, to  
some e x te n t ,  to  therm al s t im u la t io n  a re  confirm ed.
R o g it in e  should have produced s im i l a r  re sp o n se s ,  judg ing  
by i t s  e f f e c t s  i n  mammals, bu t t h i s  was not so. The 
com plete su p p re ss io n  of e l e c t r i c a l  re spon ses  su g g es ts  t h a t  
o n ly  an a d re n e rg ic  system i s  p r e s e n t .  I n  t h i s  case  e rg o t  
must have caused r e v e r s a l  o f th e  response  as  suggested  by 
Gray (1955a) • These co n c lu s io n s  a re  p lace d  i n  doubt 
because  a t ro p in e  produced v e ry  s im i l a r  re sp o n se s ,  w ith  
th e  e x c e p tio n  o f th e  e l e c t r i c a l  one, a ltho ugh  i t  i s  a 
c h o l in e r g ic  su p p re sso r .  The therm al re sp o n ses  o b ta in ed  
w ith  b o th  th e s e  drugs a re  co m ple te ly  in e x p l i c a b le  a t  
p r e s e n t ,  e s p e c i a l l y  s in ce  th e  dependence on r e s p i r a t o r y  
rhythm was up h e ld  i n  b o th  c a se s ,  a t  l e a s t  f o r  th e  h igh- 
tem p era tu re  re sp o n se .
The r e s u l t s  o f th e  experim en ts  of C hapter VII i n d i c a t e  
f a i r l y  c o n c lu s iv e ly  t h a t  e rg o t  ami ne does not r e v e r s e  th e
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re sp o n se s  of m elanophores to  e i t h e r  a d r e n a l in  o r 
1 -n o ra d re n a l in .  However, th e  p o s s i b i l i t y  t h a t  a d re n e rg ic  
ch rom atic  nerves  i n  the  minnow may produce a s l i g h t l y  
d i f f e r e n t  m ed ia to r ,  whose in f lu e n c e  i s  more r e a d i ly  
re v e rs e d  by e rg o tam ine, cannot be ru le d  o u t .  I t  th e r e ­
f o r e  seems t h a t  th e  u s e  of drugs by analogy w ith  t h e i r  
e f f e c t s  i n  mammals i s  not p e r m is s ib le .  U n t i l  a more 
com plete knowledge o f th e  pharmacology of t e l e o s t s  i s  
a v a i l a b l e ,  such methods cannot y i e ld  co n c lu s iv e  evidence 
about th e  n a tu re  of autonomic c o n tro l  i n  th e se  an im als.
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CHAPTER IX .
GENERAL CONCLUSIONS,
The co n c lu s io n s  drawn i n  C hapters  I I  and I I I  were 
t h a t  th e  m ed ia t io n  of therm al re sp o n se s ,  e i t h e r  by sensory  
( r e f l e x )  c o n t ro l  o r by independen t melanophore a c t i v i t y ,  
were rendered  l e s s  l i k e l y  th a n  b e fo re ,  and t h a t  some 
support was g iven  f o r  th e  th e o ry  o f  s e l e c t iv e  nerve b lock 
l e a d in g  to  to n ic  im balance . The r e s u l t s  of experim ents  
on th e  tem p era tu re  e f f e c t s  were found to  be com patib le  
w ith  t h i s  th e o ry ,  a l th o u g h  i n  seme c a se s  i t  was n ec essa ry  
t o  make f u r t h e r  assum ptions re g a rd in g  th e  n a tu re  o f to n ic  
nervous c o n t r o l .  A ll th e se  assum ptions appear to  be 
p h y s io lo g ic a l ly  ; re a so n a b le ,  bu t as  no success  was achieved 
w ith  a t te m p ts  to  v a ry  th e  tonu s  u n d e r  c o n t ro l l e d  con­
d i t i o n s ,  th e  arguments in v o lv ed  must be regarded  as 
p u re ly  h y p o th e t i c a l .  There appeared  to  be l i t t l e  v i r t u e  
i n  c o n tin u in g  t h i s  type  of experim ent on such a d o u b tfu l  
t h e o r e t i c a l  b a s i s .  I n  t h i s  r e s p e c t  C hapter IV m erely  
se rv e s  to  confirm  th e  o b s e rv a t io n s  on P h o x in u s .
On th e  o th e r  hand, th e  m ajor assum ption  of th e  th e o ry  
was t h a t  th e  m elanophores were c o n t r o l l e d  by two s e t s  o f 
opposing n e r v e - f i b r e s .  The a v a i l a b le  ev idence f o r  t h i s  
was d isc u sse d  i n  C hapter V, where i t  was con s id e red  t h a t  
none o f  th e  arguments advanced h i t h e r t o  was c o n c lu s iv e .  
More d e f i n i t e  in fo rm a t io n  was r e q u ir e d ,  which would a llow
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a more d i r e c t  ex perim en ta l approach to  th e  tem pera tu re  
problem s. However, th e  a ttem p t to  ach ieve  d i f f e r e n t i a l  
s t im u la t io n  by e l e c t r i c a l  means f a i l e d  to  c o n t r ib u te  any­
th in g  of v a lu e  i n  t h i s  r e s p e c t .  The th re s h o ld  cu rves  
a re  b e l ie v e d  to  be th e  f i r s t  o b ta in ed  f o r  a nerve- 
m elanophore p r e p a r a t io n  bu t th ey  throw no l i g h t  on th e  
p o s s ib le  p re sen ce  o f opposing (d is p e r s in g )  nerve f i b r e s .
A t te n t io n  was th e r e f o r e  tu rn e d  to  th e  u s e  of 
s e l e c t i v e  drugs i n  a s s o c i a t i o n  w ith  e l e c t r i c a l  and therm al 
s t im u la t io n ,  and th e  r e s u l t s  a re  d e sc r ib e d  i n  C hapters  VI, 
VII and V I I I .  The work o f  v .G e le i  (19^2) was i n  genera l 
confirm ed, b u t subsequent experim en ts  showed t h a t  h i s  
arguments re g a rd in g  th e  pathways o f d is p e r s in g  f i b r e s  
could  not be supported . No drug o th e r  th a n  ergotam ine 
produced comparable r e s u l t s  and th e  e l e c t r i c a l  p r o p e r t i e s  
o f  th e  'd i s p e r s in g  f i b r e s '  were v e ry  s im i la r  to  th o se  of 
th e  ag g reg a tin g  f i b r e s  i n  th e  n o n -e rg o t is e d  f i s h .
However, th e  experim en ts  of C hapter VII showed t h a t  
r e v e r s a l  o f  th e  e f f e c t o r  response  i n  th e  p re sen ce  o f e rg o t  
must be ru le d  o u t ,  u n le s s  th e  m elanophore -aggrega ting  
f i b r e s  of th e  minnow produce a sympathomimetic m ed ia to r  
o th e r  th a n  a d r e n a l in  o r  1- n o r a d r e n a l in .  Tliis chance 
appears  to  be sm all bu t i t  n e v e r th e le s s  l e a v e s  some doubt 
about th e  ev idence f o r  double in n e r v a t io n  o b ta in ed  i n  
C hapter VI.
I f  m e lan o p h o re -d isp e rs in g  f i b r e s  do e x i s t ,  t h e i r
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pathways may now be in d ic a te d .  I t  was argued t h a t  the  
experim en ta l r e s u l t s  of Chapter VI can only  be i n t e r p r e t e d  
on th e  assum ption  t h a t  th e  tech n iq u e  causes g en e ra l  
e x c i t a t i o n  w it l i in  th e  autonomic g a n g l ia  and does not 
i n d i c a t e  a chrom atic ou tflow  a t  any p a r t i c u l a r  l e v e l  of 
th e  sp in a l  cord . Healey (195^) and Gray (1955a) showed 
t h a t  s e c t io n  of th e  autonomic c h a in  causes complete 
d e n e rv a t io n  o f th e  re g io n  which i s  p e r ip h e ra l  to  th e  
s e c t io n  acco rd ing  to  I^lgure l a .  No s i t e  could be found 
to  cause d i f f e r e n t i a l  e l im in a t io n  of darkening  o r  p a l in g  
f i b r e s .  TlrLs was not i n  accord  w ith  th e  co n c lu s io n s  of 
v .G e le i .  However, now t h a t  v . G e l e i ' s  f i b r e  p a th s  can be 
d isc o u n te d ,  th e  anomaly d is a p p e a rs .  I t  must th e r e f o r e  
be assumed t h a t  i f  darkening  f i b r e s  e x i s t ,  th ey  run  along 
e x a c t ly  th e  same pathway as th e  p a l in g  f i b r e s ,  t h a t  i s ,  
as  shown i n  RLgure l a .
Tills co n c lu s io n  accords w e ll  w ith  P a r k e r 's  view t h a t  
com plete d i s p e r s io n  a f t e r  p e r ip h e r a l  nerve s e c t io n  i s  not 
due to  l o s s  of ag g reg a tin g  ton us  b u t to  th e  a c t iv e  
s t im u la t io n  of d i s p e r s in g  f i b r e s ,  an o p in io n  supported  
f o r  Phoxinus by Gray. The p la n  advanced by Wernje$e (se e  
Ni c o l ,  1952; Young, 1931) of long  chrom atic f i b r e s  i n  
th e  autonomic c h a in  w ith  segm ental c o l l a t e r a l s  to  th e  
s p in a l  nerves  i s  a l s o  supported  by th e se  arguments. The 
s i m i l a r i t y  of darken ing  re sp o n ses  a f t e r  e rg o t tre a tm e n t  
and th e  p a l in g  w ith o u t e rg o t  suggest t h a t  i f  two systems
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e x i s t  they  bo th  fo llo w  t h i s  arrangem ent.
The o r ig in a l  i n t e n t io n ,  to  app ly  th e  r e s u l t s  of 
d i f f e r e n t i a l  s t im u la t io n  to  th e  th e o ry  of d i f f e r e n t i a l  
nerve b lock , could  not be c a r r i e d  out s in ce  th e  co nc lu s io ns  
i n  bo th  f i e l d s  were f ra u g h t  w ith  c o n je c tu re .  I t  would 
be i n t e r e s t i n g  to  i n v e s t i g a t e  w hether th e  e f f e c t  o f 
e l e c t r i c a l  s t im u la t io n  i n  th e  sp in a l  cord i s  p reven ted  
by l o c a l  h igh  sk in  tem p era tu res  i n  bo th  th e  e rg o t is e d  and 
u n t r e a te d  f i s h .  Although th e  e l e c t r i c a l  th re s h o ld  l e v e l s
were s im i la r  i n  each case , th e  tem p era tu res  re q u ire d  f o r
th e  su p p re ss io n  o f each response  might be expected  to  
d i f f e r  i f  a l l  th e  fo rego ing  hypo theses  a re  c o r r e c t .  
U n fo r tu n a te ly  tim e d id  not p e rm it t h i s  experim ent to .b e  
a ttem p ted . Even i f  th e  expected  r e s u l t  were o b ta in ed , 
i t  a lone could  not be accep ted  as  co n c lu s iv e  p ro o f  of 
a l l  th e  arguments le a d in g  to  i t .
The mechanisms behind th e s e  phenomena must th e re fo re  
rem ain as hypo theses  f o r  th e  p re s e n t  tim e. When only  
d e s c r ip t iv e  f e a tu r e s  of the  phenomena a re  co n s id e red , 
r a th e r  more p o s i t i v e  co n c lu s io n s  may be drawn f o r  t h i s  
work. At th e  r i s k  of undue r e p e t i t i o n ,  th e se  a re  l i s t e d
i n  f u l l  as f o l lo w s : -  
A, Temperature E f f e c t s .
( 1 ) The therm al re sponses  a re  not p e c u l i a r  to  Phoxinus^
b u t  a re  w idespread  among t e l e o s t s  i n  which chrom atic  
nervous c o n tro l  i s  a c t iv e .  Many o th e r  f i s h ,  and a l l
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th o se  i n  which chrom atic  nerves  a re  absen t o r  o f doub tfu l 
o ccu rren ce , showed no such re sp o n se s .  The resp onses  
appeared to  be l i t t l e  a f f e c te d  by a n a e s th e s ia  w ith  
u re th a n e  o r  MS222 .
(2) The h ig h - tem p e ra tu re  response  occurs  sh a rp ly  a t  
c e r t a i n  th re s h o ld  tem p era tu res  which d i f f e r  f o r  d i f f e r e n t  
ty p e s  o f melanophore i n  th e  same re g io n  of th e  same f i s h .  
This may i n d i c a t e  a s e p a ra te  in n e r v a t io n  o f  each type  of 
m elanophore, o r a graded s e n s i t i v i t y  to  th e  c o n c e n t ra t io n  
o f d i f f u s in g  neurohumors i n  th e  sk in .  The th re s h o ld  f o r  
each type  of melanophore v a r i e s  between in d iv id u a l  f i s h e s  
and f o r  th e  same in d iv id u a l  from day to  day bu t rem ains 
f a i r l y  c o n s ta n t  du ring  one experim ent.
( 3 ) The low -tem p era tu re  response  occurs  sh a rp ly  a t  
c e r t a i n  th re s h o ld  tem p e ra tu re s  i n  some sp ec ie s  bu t t h i s  
was no t checked on P hoxinus. The th re s h o ld  tem pera tu re  
f o r  th e  melanophores of a s in g le  f i s h  r i s e s  s t e a d i l y  
th roughou t each experim ent (under u re th a n e  a n a e s th e s ia )  
i n  sane sp e c ie s .
(^) Both re sp o n ses  a re  dependent upon normal melanophore 
in n e r v a t io n  bu t do not appear to  be m ediated by sensory  
r e c e p to r s  and r e f l e x  a rc s .  I n  p a r t i c u l a r  th e  l a t e r a l i s  
system and l a t e r a l  cutaneous nerves  p la y  no p a r t  i n  th e  
re sp o n ses .
(5) The h ig h - tempe r a tu r e  response  may be e l i c i t e d  by 
h e a t in g  th e  sym pathe tic  ch a in  i n  Phoxinus bu t not by
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h e a t in g  sp in a l  nerves  i n  P le u ro n e c te s . The p o s s i b i l i t y  
of h e a t  conduction  th rough  th e  t i s s u e s  of Phoxinus cannot 
be ru le d  ou t.
(6) Both resp onses  a re  dependent upon normal r e s p i r a to r y  
movements i n  se v e ra l  o f the  s p e c ie s  in v e s t ig a te d  and may 
be so i n  a l l .
(7) The re sp onses  of denerva ted  melanophores show no d is ­
c o n t in u i ty  and a re  not dependent upon r e s p i r a t o r y  rhythm. - 
They a re  p robab ly  d i r e c t  re spon ses  by th e  independen t 
m elanophores to  tem p era tu re .
B. Nervous C ontro l o f M elanophores.
(1) E l e c t r i c a l  th re s h o ld  curves were o b ta in ed  f o r  th e  
s t im u la t io n ,  by square waves, o f m elanophore-aggregating  
f i b r e s  i n  a Phoxinus p r e p a ra t io n .
(2) S im ila r  curves f o r  saw -too th  p u ls e s  produced no r i s e  
i n  th re s h o ld  w ith  in c re a s e d  p u ls e  d u ra t io n  and no d is ­
c o n t i n u i t i e s  which could have in d ic a te d  th e  p re sen ce  of 
d i s p e r s in g  f ib re s#
(3) Both s e t s  of curves showed complete independence of 
pu l s e - r e p e t i t i o n  r a t e  over a wide range.
(^) The r e s u l t s  o f  v .G e le i  on th e  e l e c t r i c a l  s t im u la t io n  
o f  th e  s p in a l  cord of e rg o ta m in e - tre a te d  minnows were 
confirm ed bu t i t  was found t h a t  m elan o p h o re -d isp e rs in g  
a c t i v i t y  could p a ss  fo rw ards and backwards from a 
s t im u la t in g  e le c t r o d e  a t  any l e v e l  of th e  sp in a l  cord.
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(5) I d e n t i c a l  r e s u l t s  were o b ta in ed  f o r  th e  melanophore- 
ag g reg a tin g  a c t i v i t y  i n  n o n -e rg o t is e d  f i s h .
(6) Both respo nses  were slow and incom ple te  a t  p u lse  
r e p e t i t i o n  r a t e s  below 1 0 /se c .
(7) A ll e l e c t r i c a l  re sp onses  were independen t of 
r e s p i r a t o r y  rhythm.
(8) The p resen ce  of ergotam ine does no t re v e rse  th e  
re sp o n ses  o f m elanophores to  p r o p r i e t a r y  p r e p a ra t io n s  of 
a d r e n a l in  and 1 -n o ra d re n a l in  i n  th e  minnow.
(9) The e f f e c t s  of some drugs o th e r  th a n  ergotam ine on 
th e  responses  of minnow melanophores to  background co lou r, 
to  l o c a l  tem pera tu re  v a r i a t i o n s  and to  e l e c t r i c a l  
s t im u la t io n  a re  no t c o n s i s te n t  w ith  th e  e f f e c t s  of th e se  
drugs i n  mammals, th e  e f f e c t s  re p o r te d  i n  o th e r  sp e c ie s  of 
t e l e o s t ,  o r  th e  e f f e c t s  o f e rg o t  i n  th e  minnow.
F in a l ly ,  i t  i s  s in c e r e ly  hoped th a t  f u r t h e r  work 
w i l l  be u n d e r ta k e n  i n  an a ttem p t to  so lve  th e  many 
q u e s t io n s  which have been posed by t h i s  work and to  
confirm  o r  to  r e f u t e  th e  t h e o r i e s  which have been pu t 
fo rw ard .
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APPENDIX I . THERMOMETRY.
The b a s i s  f o r  a l l  tem pera tu re  measurements made i n  
t h i s  work was a B a ird  and Tatlock  m e rc u ry - in -g la s s  
thermometer w ith  a C e r t i f i c a t e  of Exam ination from th e  
N a tio n a l P h y s ic a l  L ab o ra to ry . The sc a le  range was -5°C.
to  +50 C. d iv id ed  t o  0.1 ^C. and th e  s ta te d  accuracy  was 
0
w ith in  0 .0 3  C. over th e  range u sed .
With t h i s  su b -s tan d a rd  thermometer s ix  o rd in a ry
l a b o r a to r y  m e rc u ry - in -g la s s  therm om eters were c a r e f u l l y
checked by slow co o lin g  and h e a t in g  over th e  whole range
i n  a w ater b a th  and c a l i b r a t i o n - c o r r e c t i o n  curves were
produced f o r  each. Only one showed an e r r o r  a t  any p o in t
og r e a t e r  th a n  0 .1  C. The speed of a c t io n  of each, as 
compared w ith  th e  su b -s tan d a rd  therm om eter, was noted  and 
each thermometer was f i t t e d  m t h  an id e n t i f y in g  ta g .
For measurement o f tem p era tu re  i n  confined  spaces 
o r  where a c c u ra te  l o c a l i s a t i o n  was re q u ire d ,  a thermo­
e l e c t r i c  therm om eter was c o n s t ru c te d .  The re fe re n c e  
tem p era tu re  s e le c te d  was 4o^C. so t h a t  an e l e c t r i c a l  
c o n t ro l  system could  be u sed , and an a c c u ra te  th e rm o s ta t  
b a th  was c o n s tru c te d  f o r  t h i s  purpose as shown i n  
F ig u re  35- A c y l i n d r i c a l  b r a s s  v e s s e l ,  I 6 cm. i n  
d iam ete r  and I 6 cm. deep, was p la c e d  i n  a square wooden 
box and th e rm a lly  in s u la t e d  from i t  by a cork s lab  and 
g ra n u la te d  co rk . A c l o s e - f i t t i n g  wooden l i d  was d r i l l e d
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so t h a t  a l l  the  f i t t i n g s  were he ld  s m g ly .  The b a th  
was f i l l e d  w ith  w ate r , covered w ith  o i l  to  p rev en t 
e v a p o ra t io n  and s t i r r e d  by a stream  of a i n -bubbles  which 
were c o l le c te d  a t  th e  su rfa ce  by an in v e r te d  g la s s  fu n n e l.  
The a i r  supply f o r  t h i s  was passed  through a b u b b le - ja r  
to  wet th e  a i r  and to  a llow  th e  f lo w - ra te  to  be judged 
v i s u a l l y  (F ig u re  35a) .
The c o n tro l  c i r c u i t  o pera ted  from a to luene-m ercu ry
th e rm o s ta t  v i a  a p h a se - re v e rs in g  r e la y ,  a Sunvic vacuum
r e la y  and a 70 w att aquarium immersion h e a te r .  Due to
therm al d e lay  i n  th e  to lu en e  b a th ,  h e a tin g  and coo ling
were made to  be very  slow by th e  arrangem ent shown i n
F ig u re  35b, which worked v e ry  w e ll .  One 15 w att l i g h t
bulb  i n  s e r i e s  w ith  th e  h e a te r  reduced th e  power so t h a t
an e q u il ib r iu m  tem p era tu re  of 35- 3 8 ^0 , was produced i n
th e  b a th .  A second bulb  sw itched i n  p a r a l l e l  w ith  th e
f i r s t  allowed th e  tem pera tu re  to  r i s e  slow ly. I n  t h i s
+ oway a tem p era tu re  d i f f e r e n t i a l  o f l e s s  th a n  - 0 .0 5  C. was 
produced. The th e rm o s ta t  was l e f t  running co n tin u o u s ly  
and re q u ire d  no a t t e n t i o n .
The galvanom eter used  w ith  th e  therm ocouples was a 
T in s le y  moving m ir ro r  type w ith  BjtlD. C. impedance and 
33y>iA. f u l l  s c a le  d e f le c t io n .  A ttem pts to  c e n tre  t h i s  
in s tru m e n t  by th e  means p rov ided  prove in co n v en ien t  but 
th e  suspension  was found to  be very  s e n s i t i v e  to  l a t e r a l  
t i l t i n g .  The m eter was t h e r e f o r e  mounted on a p la tfo rm
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hinged t o  th e  s id e  of th e  th e rm o s ta t  (F ig u re  3 6 a) and 
ze ro  ad jus tm en ts  were e a s i l y  c a r r i e d  out by means of a 
screw b ea r in g  on a l e v e r  a t ta c h e d  t o  t h i s  p la tfo rm .
F u ll  s c a le  d e f l e c t io n  a t  O^C. was arranged  by means of 
an 8.n, p r e s e t  p o t e n t i a n e t e r  i n  shunt w ith  th e  m eter.
Two such c i r c u i t s  were made and the  m eter sw itched to  
e i t h e r  by d ipp ing  i t s  amalgamated le a d s  i n  po o ls  of 
m ercury i n  a perspex  b lock . The whole of th e  w iring  was 
enc losed  i n  a persp ex  box covering  th e  g a lv a n a n e te r  
te rm in a ls  to  p re v en t a i r  c u r r e n ts  from causing  s t r a y  
th e rm o e le c t r ic  p o t e n t i a l s  a t  o th e r  b im eta l  ju n c t io n s  i n  
th e  c i r c u i t  (F ig u re  3 6 a and c ) .
The couples u sed  were m ain ly  co p p e r /co n s tan t  an /copper 
and th e  c o n s t ru c t io n  of th e  re fe re n c e  couple i s  shown i n  
F igu re  36b. With hypodermic n eed le  couples th e  c i r c u i t  
c o n s is te d  of c o n s ta n ta n / s t e e l / c o n s ta n ta n ,  th e  re fe re n c e  
ju n c t io n  being  a s t e e l  k n i t t i n g  need le  w ith  a coo ling  
vane h ea r  th e  top  and conn ec tion s  of p iano  w ire .
At Plymouth a second galvanom eter, g iv ing  1yuA/^C. was 
sometimes used  as a second channel.
For normal pu rposes  th e  s c a le  d e f le c t io n  was tak en  
to  be l i n e a r  between O^C. and Vo^C. The t h e o r e t i c a l  e r r o r  
f o r  co p p e r /c o n s ta n ta n /c o p p e r  i s  shown i n  F igure  37? and th e  
a c tu a l  c a l i b r a t i o n  of th e  th e rm o e le c t r ic  thermometer a g a in s t  
th e  K.P.L. su b -s tan d a rd  i s  shown i n  F igure  3 8 . The ends 
of th e  s c a le  were a d ju s te d  f o r  each  p a i r  of coup les  and
F i .g u _ r e  3  6 .
284-.
reference
baVV^
scveo
a c i j u . $ r « r \ e n t ' -  —
W ^tro:
i^oie Ce.).
SuiêbcVi
block.
bin<^ e. pte-sck pobent'iu*^ «Ve<-s
X Z T  "5ck f  s.a " (o*c..y
( p . )  " R h e  G r ' o . ^ ' j c x n o m e . t r e  r  B > Q l < x ' o c e .
Co<t»bxnt*n. Co^ f«*.
^.jùne ^IolSS 
iTu-ke cnsvkldbLorn^ .
•^ LclS4 supporlTin^
bk^ be 
■Tu-bber" collar.
■ hol<Aer.
xoldleredi
\u.ntbLon.
(b) A R e f e < e r » c e  Juncbùor».
~ T ” b e  ” T " h e < ‘ * ^ o e l . e c t r l
Oo. I u o.n o <n«t'c r.
%jfL, 3 3
[----- Re-riPC^c
“Th«r»r>c\ Scree«\j
L.
I
____________ I
c^. Cfc*. Cl*.
Co*iS»r Const-.
8«f. Test. Réf. Test-
( c ^  C  Ù T C L i ù t  b b e ^ T k e r T n o m c t ' e r :
”TT|ercc. I nermo*ncte.T.
285:
F c ^ u . r e  3 7 .
(*0f
3f-
36
34-
31
3Ô-
IS-
IL
24-
22
oo . 20
&)Wd 18-XJdV 16t;o-
E 14-
11-
10
8
6
4
2
0
tlL
• c . . E.M.F
r v . .
L.Lnce.T'
Afpn»»UrtJbi*n
% v . .
Evf#v
•C ..
(*v«5«.Wir«)
1+0 o o O
1 1 3 4 - H 4 - - 5 0 - 1 0
3 0 4"4*t 3 4 - 1 ^ 0 0 - 3 4
6 6 1  6 6 4 3  5 0  4 1
ZO 8 7 « * t 9 5 %  O 0 - 4 . 6
1 5 lO<  ^ 1*6 1 0 7 1 * 5 0 - 4 4
10 1 3  0 1 - 3 1 1 8 7  0 O 3 5
5 1 5 1 0  4- 1 5 0 1  * 5 o  l o
0 1 7 1 6 0 I T I 6 0 O
« X .VuiT* = ko*C.
O — b b e o T ^ tc c a l vroiLu.ttt.
S o l i d  l e n t  *  L lne& .r
ZOO 1*00 600 800 loco 1200 k»00 \hOO 1900
EM.E(;.W.
'T h e o v 'e t 'i .c a l E n ror ©-f b b e  "TWL^-metlecJbrtc 
T^heTw%©m*etr%$- u.stn  ^o* l_Ln&%.T Sc«kl%.
Z86
F l û u , v e  3  8.
X—ooolcr»^ CVA.<ore
o —ve lu.'f e e.
5  o l l c &  l c t > e  «  t v n e c v ' T  a | » p f o j c t T n f t . t c o n .
O*
xo3 1
R*a.<à‘cn s^. (
Co^Lcb^o.t'i.on Curve o-fThe^moelcctrcc ”TT»erir»onieter:
287.
checked before each experiment but rare ly  needed 
readjustm ent.
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APPENDIX I I .  TEMPERATDBE SOURCES.
I t  was decided  to  b u i ld  two a c c u ra te  th e rm o s ta t  b a th s  
to  a c t  as tem p era tu re  sources  from which a l l  h e a tin g  
ap p a ra tu s  could be run, and a l l  such ap p a ra tu s  was designed 
ac c o rd in g ly .  This ob v ia ted  th e  need f o r  a s e p a ra te  
tem p era tu re  c o n t ro l  system i n  each ap p a ra tu s .
The c o n s t r u c t io n  of each o f th e se  th e rm o s ta ts  i s  shown 
i n  F igu re  39a. A z inc  b a th ,  ho ld ing  about l 6  l i t r e s  of 
w a te r ,  was supported  on cork s la b s  i n  a wooden box and th e  
gap of about 3 .5  cm. was f i l l e d  w ith  g ra n u la te d  cork f o r  
therm al i n s u l a t i o n .  H eating by a b la d e - ty p e  immersion 
h e a te r  was c o n t ro l le d  by a Sunvic b im eta l th e rm o s ta t  and 
vacuum r e l a y . : The h e a te r  and th e rm o s ta t  ca s in g s  p ro je c te d
a l i t t l e  from th e  wooden box f o r  convenience and th e  
c o n t ro l  c i r c u i t  w ith  an i n d i c a t o r  lamp (F ig u re  39b) was 
mounted on a s e p a ra te  board . C arefu l ad justm ent of th e  
th e rm o s ta t  enabled  a d i f f e r e n t i a l  o f -O .l^C . to  be 
o b ta in ed .
The b a th  was s t i r r e d  by a i r - b u b b le s ,  c o l l e c te d  a t  
th e  w ate r su r fa c e  by an in v e r t e d  fun ne l which was he ld  i n  
a perspex  mndow so t h a t  th e  r a t e  of bubbling  could  be 
seen and a d ju s te d .  Corks i n  th e  wooden l i d  h e ld  g la s s  
tu b es  th rough which w ate r was drawn o r re tu rn e d .  Leads 
to  th e  ap p a ra tu s  were th ic k - w a l l  p o ly v in y l c h lo r id e
Fûc^uLfe.
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(P.V. C.) tu b in g  which gave low therm al l o s s e s .
The w ater was c i r c u la te d  by a i r - l i f t  pumps to  a 
sm all r e s e r v o i r  on th e  o u ts id e  of th e  th e rm o s ta t  from 
which i t  siphoned back i n t o  th e  tank  (F ig u re  6 ,
C hapter I I I ) .  I n  th e  te m p e ra tu re -c o n t ro l le d  m icroscope 
s tag e  th e  h igh  therm al i n e r t i a  of the  ap p a ra tu s  rendered 
con tinuous c i r c u l a t i o n  u n n ecessa ry . I n  such cases  where 
th e  water was no t re tu rn e d  to  th e  tank th e  e x te rn a l  
r e s e r v o i r  ac te d  as  a l e v e l  i n d i c a t o r  to  p rev en t th e  
h e a te r  and th e rm o s ta t  elem ents from being  uncovered .
For low tem pera tu re  work th e  i n s u l a t e d  ta n k s ,  \d .thou t th e  
e l e c t r i c a l  system, ac ted  as e x c e l le n t  ic e -b o x e s .
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APPENDIX I I I .  PHOTOGRAPHY.
(a) The melanophore photographs of F igure  9, Chapter I I I ,  
were talc en through a monocular m icroscope w ith  a Cocke, 
Troughton and Sims q u a r t e r - p l a t e  eyep iece camera. The 
experim en ta l tech n iq u e  was norm al• The f i s h  was 
a n a e s th e t is e d  i n  0.25^ u re th a n e  s o lu t io n  th roughout and 
j e t s  o f w ater o f  v a r io u s  tem p e ra tu re s  were p layed  on th e  
sk in  a sh o rt  d is ta n c e  from th e  f i e l d  of view. Im m ediately  
b e fo re  each exposure th e  j e t  was tu rn ed  o f f  to  p re v en t 
r e f r a c t i v e  d i s t o r t i o n .
I l lu m in a t io n  was by a 500 w att p r o je c to r  lamp mounted 
i n  a housing on an a d ju s ta b le ,  coun te rba lanced  arm w ith  
two 10  cm. d iam ete r  l e n s e s  g iv in g  a f o c a l  l e n g th  of l 8 cm. 
Focussing  was c a r r i e d  out w ith  in c id e n t  i l lu m in a t io n  from 
a m icroscope lamp and th e  l a r g e r  lamp was only  switched 
on im m edia te ly  b e fo re  th e  exposure . Thus th e  e f f e c t s  
of i l lu m in a t io n  and unwanted h e a t in g  were reduced to  a 
mi nimura.
The o p t i c a l  system c o n s is te d  o f a 25 mm. o b je c t iv e  
w ith  a x l5  ey ep iece . Exposure a t  f u l l  a p e r tu re  a t  1 /25  
second was used  to  m inimise b lu r r in g  due to  r e s p i r a t o r y  
movements of th e  f i s h .  The em ulsion used was th e  
f a s t e s t  th e n  o b ta in a b le  (Kodak P 2000) and th e  p l a t e s  
were developed as adv ised  by th e  makers f o r  the  f a s t e s t
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p o s s ib le  em ulsion speed.
(b) The photograph of th e  s u p e r f i c i a l  ophthalm ic 
p r e p a ra t io n ,  F igure  26 of Chapter V, was talren w ith  a 
Kodal-c Re t i n e t t e  35 mm. camera mounted on one ey e -p iece  
of a Beck b in o c u la r  d i s s e c t in g  m icroscope. The o th e r  
eyep iece  was u sed  as a v iew fin d e r  and f o r  fo c u ss in g  
(cam era focus s e t  to  i n f i n i t y ) .  A 1-J in c h  o b je c t iv e  
was used w ith  xlC ey ep ieces . I l lu m in a t io n  from an 
e l e c t r o n ic  f l a s h - tu b e  working a t  100 J o u le s  was u sed . 
The camera a p e r tu re  was f 3 .5  and th e  f i lm  (H .P .3 . )  was 
developed norm ally  i n  f in e  g r a in  deve loper ( I . D . l l . ) .
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APPENDIX IV. RINGER SOLUTIONS.
At f i r s t  th e  Ringer s o lu t io n  produced by S te inhausen  
( 1 9 2 8 ) was u sed  f o r  o p e ra t io n s  on minnows. I n  th e  
experim ents  of Chapter I I I  which in v o lv ed  pro longed  
exposure of th e  sym pathetic  cha in , th e  p r e p a r a t io n  became 
q u ie s c e n t  a f t e r  a sh o r t  t im e . I t  was n o ticed  t h a t  
Steinhausen* s form ula  d i f f e r e d  m arkedly from t h a t  o f  
Young (1933 ) e s p e c i a l ly  i n  th e  amount of sodium req u ired  
( s e e  Table IV, a and b ) .
I n  o rd e r  t o  determ ine th e  b e t t e r  of th e se  s o lu t io n s ,  
C .5 ml. of minnow body f l u i d  was ob ta ined  by l i g h t l y  
c e n tr i f u g in g  p ie c e s  of sev e ra l  f r e s h l y  d e c a p i ta te d  f i s h .  
A f te r  d i l u t i o n  t h i s  f l u i d  was v e ry  k in d ly  analysed  by 
M iss Bond of th e  P hysio logy  Department, Bedford C ollege, 
i n  a flame sp ec tro m e te r .  This in d ic a te d  an o r ig in a l  
sodium con ten t o f 2 . ^  g m ./ l .  Young’ s R inger f o r  freshr- 
w a te r  t e l e o s t s  was th e n  used i n  a l l  subsequent experim ents 
and o p e ra t io n s  w ith  complete su ccess . Both th e  
sym pathetic  ch a in  and th e  s u p e r f i c i a l  ophthalm ic nerve 
were exposed to  i t  f o r  long p e r io d s  w ith  l i t t l e  change 
i n  a c t i v i t y  or re sponse . The same s o lu t io n  was found 
to  be s u i t a b le  f o r  th e  i s o l a t e d  sk in  p re p a ra t io n s  used 
i n  th e  experim ents  desc ribed  i n  Chapter H e  and 
Chapter V IIc. The form ula o r i g i n a l l y  used  by Spaeth
29^.
and Barbour (1917) i s  s im i la r  to  t h a t  o f  Young except 
f o r  th e  amount of po tassium  used  (s e e  Table IVc) .
The Sandoz p lacebo  mentioned i n  Chapter VIIc i s  g iven  
i n  Table IVd.
For experim ents  on m arine t e l e o s t s  th e  s tan d a rd  
s o lu t io n  a v a i l a b le  a t  th e  Plymouth la b o r a to r y  was u sed . 
This was Young’ s form ula  f o r  m arine t e l e o s t s  (T ab le  IV e ) .
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A THEORY OF ECHOLOCATION BY BATS*
B y  J. D . P Y E  (London)
T o w a r d s  the end of the eighteenth-century, Lazzaro Spallanzani (1794) 
dem onstrated th a t the location of obstacles and prey by insectivorous bats 
depends on hearing ra ther than  on their inadequate vision. Captive bats 
avoided fine wires in complete darkness or when their eyes were destroyed. 
Blinded bats were released and on subsequent recapture were found to 
have caught and eaten just as m any insects as norm al animals. Y et when 
their ears were blocked, seeing bats were reluctant to fly and blundered 
clumsily into quite large objects. Many critical experim ents confirmed the 
im portance of hearing bu t the mechanism rem ained a m ystery. Although 
similar results were obtained by several of Spallanzani’s friends they  were 
discredited by  the influential Cuvier and the m atte r was alm ost forgotten.
In  1920, H artridge observed bats in flight and suggested th a t they 
might produce high frequency calls, inaudible to man, and navigate by 
means of echoes. He pointed out the advantages of high frequencies for 
producing echoes from small objects. Since 1938, Griffin, Galambos, 
Dijkgraaf, Mohres and others have am ply dem onstrated the tru th  of this 
theory  and a comprehensive review of these researches has been published 
by  Griffin (1958). Their im portance is such th a t a new type of sense at a 
distance m ust now be accepted, an active sense in which the larynx and 
ears take over the rôle of the eyes for orientation.
The écholocation cries of bats fall in the frequency range of 20-120 
kilocycles per second, and are produced as discrete pulses of high intensity. 
The larynx is highly specialized for the production of these sounds (Elias, 
1907; Mohres, 1953). In  general there is heavy ossification and fusion of 
the  cartilages to form a rigid framework and the cricothyroid muscles are 
capable of applying great tension to  the  short, light vocal cords. Other 
modifications, such as the resonating cham bers of the Rhinolophidae, may 
be present.
The ear is specialized in several ways. The pinnae are very large, 
especially in the genus Flecotus, w ith various accessory structures (Figs. i, 
2 and 3) ; the tensor tym pani and stapedius muscles are very well devel­
oped; the  cochlea m ay be relatively enormous as in the  Rhinolophidae, and
* The research reported in this paper has been sponsored in part by the Air Force Office 
of Scientific Research, of the Air Research and Development Command, United States Air 
Force, through its European Office.
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in general the basilar membrane is very narrow with a strong ligamentum 
spirale and two laminae spirales suggesting high tension (Fig. 4). Anato­
mical descriptions of the larynx and ears of bats are given by Griffin (1958), 
Mohres (1953) and Reysenbach de Haan (1958). Galambos (1941, 1942) 
obtained cochlear microphonie potentials from Vespertilionid bats up to 
at least 98 kc/s. whereas in the guinea pig the response disappeared at 
about 40 kc/s.
W ith this apparatus the bat is able to avoid wires less than  o . 5 mm. in
F ig . I.
Nyctalus noctula (Vespertilionidae), The Noctule. The tragus is fairly large and the nostrils
o p en  forw ard s. ( X 4)
diameter and to catch mosquitoes at rates up to 10 per minute. Further­
more Griffin has shown th a t the performance is little affected by high 
levels of masking noise. Plecotus rafinesqui continues to detect the presence 
of wires 0 .4  mm. thick in a uniform held of white noise covering the 
frequency range of their calls and calculated to be 45 db. above the echo 
intensity. Hunting is not disturbed by the calls of other bats, by multiple 
echoes from vegetation or rain, or by the very strong specular reflections 
from walls or water surfaces. The whole system is apparently highly deve­
loped and possesses great sensitivity and precision.
The theories which have been advanced to explain how bats obtain this 
accurate information appear to be inadequate expecially for short range
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operation. Since such ideas are still largely speculative, there appears to 
be some excuse for offering a t this stage an alternative general theory 
which although untested provides a simple explanation of many features 
of this phenomenon.
The Beat Note Theory
The ear in m an is principally a warning and communication instru ­
m ent, and ideally should be free from distortion in order to give a true
F ig . 2 .
Plecotus auritus (Vespertilionidae), the European Long-eared Bat. The pinnae and tragi are 
enormously developed. Sound is emitted through the nostrils which open upwards. ( X 2 *5)
appreciation of incident sounds. This does not necessarily apply to an 
anim al which uses it ears for entirely different purposes. In  the case of the 
ba t it appears th a t distortion introduced by non-linearity m ight be of 
great value. A non-linear device supplied w ith energy of two frequencies 
constructs a range of overtones, sum m ation tones and difference tones in 
addition to the  two fundam entals. A b a t’s pulse and its echo could be 
trea ted  in this way if heard simultaneously, th a t is if an object is close 
enough for overlap to  occur a t the ear. Since the call and echo will seldom 
be separated by more than  one octave, the first order difference tone will
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nearly always be of lower frequency than either of them, and will be 
audible as a beat note. Due to the nature of the pulse produced, this beat 
note has some interesting properties which m ay provide sufficient informa­
tion to satisfy the b a t’s navigational requirements. The other difference 
tones and beats between different echoes will be of very much lower 
amplitude, while the harmonics and summation tones will be of very high 
frequency and can probably be ignored in this argument.
This theory is thus based upon a consideration of the frequency
%
F ig . 3.
Rhinolophus ferrum-equinum (Rhinolophidae), the Greater Horseshoe Bat, from a museum 
specimen. There is no tragus but a large antitragus which has here been pulled outwards to 
reveal the inferior meatal opening. A pathway from this runs anteroventrally to a groove in 
the nose-leaf, which acts as a directional emitter, ( x s )
structure of the ba t pulses which appear to be of two types characteristic 
of the two families most thoroughly studied, the Vespertilionidae and the 
Rhinolophidae. At present it seems th a t most other Microchiroptera 
resemble either one or other of these or a combination of both, so the 
application of the theory will be considered for these two families only.
Vespertilionidae
These are the common insectivorous bats of tem perate North America 
and Europe. Analyses by Griffin et al., have shown the pulses to be 1-4
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m.sec. in duration and of pure tone whose frequency falls steadily through­
out. The frequency sweep often covers nearly an octave bu t seldom more. 
Pulse repetition rate  varies from less than  lo/sec. a t rest to over loo/sec. 
when investigating obstacles or prey.
By analogy w ith early radar systems H artridge (1945) supposed th a t 
the ba t measures the echo delay and so deduces the distance of an object. 
He further suggested th a t the sensitivity of the ear is protected during
/OO/x.
I 1 I
F i g , 4.
A section of the second turn of the cochlea of Rhinolophus ferrum-equinum  (prepared by 
Mrs. P. N. Edwards), l.s.p. lamina spiralis primaria. l.s.s. lamina spiralis secundaria, lig.s.
ligamentum spirale.
production of the very loud pulse by  action of the in tra-aural reflex. The 
transm it-receive switch of pulse radar has a  similar function in protecting 
the  receiver. Some of the m any drawbacks to  this theory have been 
discussed by  Griffin (1958).
Following a short loud sound the hum an ear experiences a  tem porary 
rise in threshold which suppresses the reception of short range echoes. 
Griffin and Grinnell (1958) and Grinnell and Griffin (1959) have shown by 
central recording th a t the  b a t’s ear recovers rem arkably quickly, b u t the
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effect m ust be present at short range where the echo delay is very small. 
At even shorter ranges the echo will overlap with the call and will tend to 
be masked. Griffin has suggested th a t frequency modulation m ay alleviate 
this since call and echo will be at different frequencies a t any instant, but 
this separation decreases with range and for the capture of insect prey the 
bats m ust be able to work down to extremely close range. While it cannot 
be denied th a t bats m ust hear discrete echoes returned from 1-2 m. 
(Griffin and Grinnell, 1956; Grinnell and Griffin, 1958), these m ay only 
serve as an early warning system of low accuracy. At shorter ranges the
F ig . 5.
The production of beat-notes by frequency modulated pulses. The beat frequency is propor­
tional to the range of the target (f oc r). Provided the original pulse does not cover more than 
one octave, pulse and beat frequencies cannot overlap.s
problems of reception and interpretation are greatly increased. Further­
more the simultaneous discrimination of m ultiple echoes by timing alone 
would seem extremely difficult.
The proposed action of the middle-ear muscles demands a fantastic 
speed of operation. L atent periods of this reflex in laboratory animals and 
man as measured by m any workers (vide W ever and Lawrence, 1954) give 
values ranging from 10 to 290 m.sec. Even the shortest of these periods 
covers two complete call-echo^ cycles a t the higher pulse repetition rates 
used by  bats. The muscle relaxation rate m ust also be incredibly high to 
restore full sensitivity for short range echoes.
By listening not to the echo, bu t to beats between it and the call, the 
bat could very easily obtain accurate information about objects a t close 
range. In  the “ideal” case of linear frequency modulation as shown in Fig. 
5, the beat note is of a constant frequency proportional to the range of the
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target. A non-linear fall in frequency results in a beat note which is not 
constant bu t is nevertheless perfectly characteristic of the echo delay. 
Multiple echoes will produce beat notes of different frequencies which could 
be easily distinguished. Despite the smallness of the inter-aural distance 
there vdll be an appreciable difference in the beat note frequency a t the 
two ears for objects not in the m edian plane. Thus provided th a t distortion 
occurs somewhere in the ear, the determ ination of both  range and direction 
only requires a frequency analysis of each signal and a comparison between 
them . The cochleae and central auditory  apparatus could accomplish this
1070
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Relo.t’i.ue Velocitu,
F i g . 6 .
The Doppler effect for echoes at different relative velocities. The beat frequency is propor­
tional to the relative velocity (f oc ^ ), Thus loo  kc/s. at lo  m/s. is returned at 106-25 kc/s.,
producing a beat-note of 6-25 kc/s.
and no further mechanisms need be postulated. Finally since the  beat 
notes occupy an entirely different frequency band from the original pulse, 
the effects of m asking will be m uch reduced.
B ats of this family do not move the pinnae independently bu t tu rn  the 
whole head to  examine their surroundings. By turning until a  given small 
object is in the m edian plane the two beat notes are brought to  the  same 
frequency and exactly into phase. The proposed mechanism is essentially 
b inaural and it is interesting to note th a t a Vespertilionid ba t w ith one 
ear plugged is alm ost completely disorientated. A b a t w ith both  ears 
plugged is scarcely more helpless.
Rhinolophidae
This family comprises the Horseshoe bats of Europe and Asia. Mohres
(1953) has shown th a t the pulses of these animals are 40-100 m.sec. in 
duration (much longer than  those of Vespertilionids) and are of very 
constant, very high frequency, 85-100 kc/s. The m outh is not used for
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sound emission and the sound is beamed to some extent by interference 
at the nostrils which are half a wave-length apart. The horseshoe structure 
or nose-leaf (Fig. 3) is capable of directing the beam in various directions. 
The pinnae are freely and independently movable. Pulse repetition rates 
never exceed lo/sec.
The long pulse length has led Mohres to reject timing theories and he 
supposes th a t the bat observes the loudness of the echoes. Beam move­
ments would then give him the direction, and searching movements of the 
ears could give the range by triangulation. Such a mechanism would be 
highly susceptible to masking and depends on almost complete acoustic 
separation of ear and nasopharynx. In  view of the small size of the head 
and the very high intensities produced, this seems unlikely.
The beat note theory depends on changes in frequency brought about 
by the Doppler shift. The beat frequency in this case is proportional to the 
rate of change of range, or velocity of the target relative to the bat. Since 
the received echo experiences a double shift which is proportional to the 
original frequency, the system is capable of high sensitivity at the fre­
quencies used (Fig. 6). Location m ay be achieved either by movement of 
the beam and ears for greatest beat note intensity, or by normal binaural 
location involving phase and timing. The former is more likely since 
Rhinolophid bats, unlike the Vespertilionids, are not disorientated by 
plugging one ear only, although with both ears plugged disorientation is 
complete (Mohres, 1953). L ittle difference in beat frequency a t the two 
ears would be expected so th a t this observation accords well with the 
theory. As the beat frequency will seldom rise above 6 kc/s. masking by 
the call will be slight.
This mechanism will work well for a bat in flight since it depends upon 
movement, bu t the stationary bat often searches around actively and 
appears to appreciate its surroundings. Two mechanisms m ay operate 
under these conditions. High frequency tape-recordings have recently been 
made by  Grifhn from specimens of Rhinolophus ferrum-equinum  sent from 
Britain. A copy kindly presented by Professor Grifhn shows th a t in the 
last 2 m.sec. or so of each pulse the frequency falls in the same way as in 
Vespertilionid pulses. This m ay give information at close range either in 
flight or a t rest. On the other hand Mohres describes searching movements 
of the pinnae superimposed upon which are vibrations a t a frequency of 
about 50/sec. Personal observation shows th a t these high speed movements 
only occur during ultrasound production. Such movements of the pinnae, 
acting as echo reflectors for the meatus, m ay introduce an artificial velocity 
factor and cause a varying Doppler shift. Since the tip  moves faster than 
lower parts of the pinna a range of velocities will be represented a t any 
instant. The result will be a range of beat notes of which the 100 c/s. com­
ponent will appear to predom inate due to synchronism with the ear move­
ments. Directional information m ay be conveyed by this means since the
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ears of these bats present a  variable angle to each other. Otherwise location 
m ay be effected by  the m ethods discussed above.
D ijkgraaf (1946) and Mohres (1953) have estim ated th a t the  m axim um  
range of accurate écholocation by  Vespertilionids does not exceed 50 cm., 
bu t Mohres states th a t Rhinolophids are sensitive to a range of 6 .4  m. 
Although the la tte r m ay be assisted by beam ing of the transm itted  sound, 
it seems significant th a t these are the approxim ate m axim um  ranges at 
which pulse-echo overlap occurs in each type (50 cm. for a 3 m.sec. pulse 
and 6 .4  m. for a 38 .4  m.sec. pulse).
The Possible Source of Non-linearity
The ideal type of distortion for the reception of beat notes is a simple 
rectification of the signal, since if one note is of very high in tensity  the 
beat note am plitude then  approaches th a t of the lower in tensity  signal 
(the echo). There is some evidence th a t this would be expected in the  b a t’s 
ear under norm al conditions. D istortion has been shown to occur in the 
cochlear microphonie potentials of laboratory  animals a t sound levels of 
i - i o  dynes/cm"^ (Wever and Lawrence, 1954). Griffin (1958) has shown th a t 
the sound in tensity  10 cm. in front of a Vespertilionid b a t m ay exceed 
60 dynes/cm.^ and sometimes reaches 170 dynes/cm."^. Mohres sta tes th a t 
even higher intensities appear to be produced by  Rhinolophids b u t this 
m ay be due to the beaming mechanism. Thus a small proportion of the 
em itted energy is sufficient to cause non-linearity and th is m ay easily reach 
the ear by  stray  scattering from the m outh.
The source and natu re  of this distortion have been the  subjects of some 
controversy. Békésy (1934) supposed th a t overtones are produced in the 
inner ear whilst difference tones are generated in the middle ear by  a non­
fatiguing process. Newman, Stevens and Davis (1937) m easured the over­
tone content of cochlear microphonie potentials in the cat and guinea pig. 
Their results show th a t even harmonics, indicative of rectification and 
responsive to middle-ear muscle action, occur a t lower distortion levels, 
bu t a t higher sound intensities the odd harm onics predom inate and are 
a ttribu ted  to sym m etrical lim iting a t the cochlear level.
I t  is tem pting to suggest th a t rectification is perform ed by  the middle- 
ear muscles of bats since they  are so well developed. The increased pulse 
repetition rates of Vespertilionids investigating an object m ay no t only 
satisfy an increased need for inform ation b u t also cause a sm oother tetanic 
contraction of the middle-ear muscles. However, W ever and Lawrence
(1954) reject the middle ear as the source of non-linearity and a ttribu te  
it wholly to  the cochlear. Cochlear distortion in the b a t could be induced 
by  sound transm itted  through the tissues, whereas distortion in the 
middle ear demands a signal entering the m eatus by  air conduction. The 
morphology of some bats appears to be ideal for providing an air conduc­
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tion pathw ay to the outer ear and suggests th a t the tissue conduction 
signal is not used in these species.
PlecoUis (Fig. 2) is known to hunt among bushes and hedgerows, and 
m ay pick non-flying prey from the foliage. Its  slow, hovering flight is ideal 
for such a habit, and its écholocation mechanisms m ust be extremely 
accurate. This bat would not appear to need so great a range as species 
which hunt in the open. Short range together with the enormous pinnae 
would allow economy of transm itted energy. In  fact Griffin has found th a t 
the American Plecotus rafinesqui produces rather short pulses a t an inten­
sity 30-35 db. less than th a t of most other Vespertilionids. In  this case 
some mechanism might be expected to increase the energy fed to the ear 
as an overloading and comparison signal. W ith the possible exception of 
Barhastella which has similar form, Plecotus is the only Vespertilionid 
genus which flies with the m outh shut and emits sound through the 
nostrils. The nostrils do not open forward as in other bats bu t directly 
upward under the pinnae which are held forward in flight. W hilst this 
arrangem ent m ay be a mechanism for directing the outgoing sound by 
reflection from the pinnae, it does seem to represent a method for ensuring 
th a t the ear receives signals at sufficient intensity to cause the required 
distortion.
Rhinolophus emits sound through the nostrils and the nose-leaf 
arrangement to obtain directionality. This would appear to reduce scatter­
ing of sound to the ears. Furtherm ore a direct signal received by the 
vibrating pinnae would experience the same Doppler shift as the echoes 
in the stationary ba t and no beats would be produced. The second opening 
of the m eatus described by Mohres (1953) a t the cartilaginous non-moving 
base of the pinna leads forwards down a groove in the face which enters the 
nose-leaf (Fig. 3). Above the nose-leaf and a t the end of this pathw ay are 
the hitherto unexplained structures of the lance and shield. I t  is possible 
tha t these m ay sufficiently distort the sound field to deflect some energy 
along this route. The presence of this arrangem ent certainly does not 
suggest a very high attenuation between transm itter and receiver, bu t m ay 
be ideal for the theory proposed here.
Conclusions
This theory shows th a t it is possible to obtain a considerable amount of 
information from a frequency-analysis of beats between a b a t’s call and 
its echo. W hether the em itted frequency is constant or changing, any 
object within range will appear to act as a source of different sounds whose 
nature is determined by the instantaneous or changing position of the 
object relative to the bat. Once the code is understood much information 
can be obtained in a very simple manner. Since no new physiological 
principles are required, the process of evolution of such systems could
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be regarded merely as the development of the basic mechanism. Pum phrey 
(1948) argued th a t hearing, w hatever it m ay have become in man, deve­
loped as a sense of ‘Touch a t a distance” whose prim ary function is the 
location of sound sources. The b a t has gained independence by  radiating 
energy itself to include passive objects. If it listens to beat notes it has 
changed the inform ation code bu t increased enormously its powers of 
discrimination.
Experim ents will be m ade to test this theory w ith bats, bu t it has 
already been shown to be applicable to the hum an ear. A simple model 
generating bat-like sounds and receiving the echoes through non-linear 
amplifiers presents the listener with audible beat notes. The information 
available is readily in terpreted  by the ear when the m achine is operated in 
any of the three modes described above or in a com bination of them . This 
device m ay possibly form the basis for a useful aid to the blind since it has 
m any advantages over previous ultrasonic aids. A description of the 
model and further consideration of beat note écholocation is to be pub­
lished elsewhere.
I t  is perhaps unfortunate th a t the same argum ents cannot be applied 
to other animals known to echolocate, nam ely the birds Steatornis and 
Collocalia, the fruit bats Roussettus and the Cetacea. The complex nature 
of the sounds of these animals m ust involve other mechanisms. The simple 
b u t beautifully controlled frequency structure of the pulses of insectivo­
rous bats is very striking. The theory proposed above a ttem pts to explain 
this feature and show how it m ay account for much of the proficiency 
displayed by  these animals.
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E C H O L O C A T I O N  B Y  B A T S  
J .  D .  P y e
A n  i m p o r t a n t  p a r t  o f  m a n ’ s  t e c h n o l o g i c a l  p r o g r e s s  h a s  
i n v o l v e d  t h e  d e v e l o p m e n t  o f  a  v a r i e t y  o f  d e v i c e s  t o  a i d  a n d  
s u p p l e m e n t  h i s  o w n  s e n s o r y  a p p a r a t u s .  M a n y  o f  t h e s e  h a v e  
a c q u i r e d  g r e a t  p r a c t i c a l  i m p o r t a n c e  i n  h e l p i n g  h i m  t o  f i n d  
h i s  w a y  a b o u t ,  e s p e c i a l l y  u n d e r  d i f f i c u l t  c o n d i t i o n s .
T h u s  t e l e s c o p e s ,  n i g h t - g l a s s e s ,  t e l e v i s i o n  c a m e r a s ,  a n d  
i n f r a - r e d  ’ s n i p e r s c o p e s ’ i n c r e a s e  t h e  d e f i n i t i o n ,  
s e n s i t i v i t y ,  a n d  s p e c t r a l  r e s p o n s e  o f  t h e  e y e s ,  w h i l e  
m i c r o p h o n e s  a n d  h y d r o p h o n e s  a i d  t h e  e a r s .  A l l  t h e s e  
e x a m p l e s  a r e  ’ p a s s i v e *  i n  t h a t  t h e y  r e l y  o n  s i g n a l s  f r o m  
e x t e r n a l  s o u r c e s ,  b u t  s o m e  o t h e r  i n s t r u m e n t s  s h o w  n o  s u c h  
d e p e n d e n c e :  t h e y  r a d i a t e  e n e r g y  t h e m s e l v e s  a n d  c r e a t e  t h e i r  
o w n  s i g n a l s  b y  i n t e r a c t i o n  w i t h  t h e  s u r r o u n d i n g s .  T h i s  
’ a c t i v e *  g r o u p  i n c l u d e s  r a d a r ,  a s d i c  ( o r  s o n a r ) ,  s e a r c h ­
l i g h t s ,  a n d  e v e n  t h e  h u m b l e  h a n d - t o r c h .  T e c h n i q u e s  o f  
t h i s  t y p e  a r e  a c h i e v i n g  i n c r e a s e d  p r o m i n e n c e  i n  m a n y  
f i e l d s ,  a n d  a r e  o f t e n  u s e d  w i t h  a d v a n t a g e  t o  a u g m e n t  t h e  
p a s s i v e  o n e s .
I t  s h o u l d  h a r d l y  b e  s u r p r i s i n g ,  t h e r e f o r e ,  t o  f i n d
t h a t  a  s i m i l a r  d e v e l o p m e n t  h a s  o c c u r r e d  w i t h i n  t h e  s e n s o r y
a p p a r a t u s  o f  s o m e  a n i m a l s .  S p e c i a l i z a t i o n  o f  t h e  s e n s e
o r g a n s  a l o n e  i s  i n s u f f i c i e n t  t o  a l l o w  t h e  f u l l  e x p l o i t a t i o n  
o f  c e r t a i n  h a b i t a t s ,  a n d  m a n y  e x a m p l e s  a r e  n o w  k n o w n  o f
2.
a c t iv e  sensory systems th a t  produce t h e i r  own e x p lo ra to ry  
energy. Some deep-sea  f i s h e s  may use  t h e i r  lum inescent
organs to  see t h e i r  way about. Other f i s h  such as the 
Gymnotids andMoimyrldsy both  f re s h -w a te r  forms, have 
developed e l e c t r i c a l  methods of o r i e n t a t i o n  i^/ith remarkably 
h igh  s e n s i t i v i t y  ( 1 , 2) ;  p u lse s  of c u r re n t  a re  produced 
by th e  e l e c t r i c  organs, and s p e c ia l iz e d  re c e p to rs  appear 
to  d e te c t  impedance changes t h a t  d i s t o r t  th e  f i e l d  around 
th e  body. The b l in d  c a v e - f i s h  ( Anontichthvs) u se s  the  
l a t e r a l - l i n e  organs to  d e te c t  r e f l e c t i o n s  of p re s su re  waves 
from i t s  own swimming movements. This i s  r e a l l y  a semi­
a c t iv e  mechanism, as the  waves a re  not produced d e l ib e r a te ly ,  
bu t sev e ra l  of th e  h ig h e r  v e r te b r a t e s  do produce sounds 
s p e c ia l ly  f o r  t h e i r  a c o u s t ic  r e f l e c t i o n s .  At l e a s t  two 
genera of b i r d s ,  S te a to rn is  (3) , th e  Venezuelan o i l - b i r d ,  
and Coll oc a l i a  (^ ,  5) 5 th e  ’b i r d s  n e s t  soup* s w i f t l e t ,  and 
a lso  f r u i t  b a t s  of th e  genus R ousettus ( 6 - 9 ) 5  can f l y  
s a f e ly  i n  complete darkness , gu id ing  them selves by l i s t e n ­
in g  to  the  echoes of c l ic k in g  n o ise s  made w ith  th e  tongue. 
Some p o rp o ises  and do lph ins  make n o ise s  t h a t  a re  almost 
c e r t a i n ly  used  f o r  underw ater n a v ig a t io n , and th e  f a c u l ty  
may w ell be w idespread among th e  Cetacea (10, 11) • But 
t r u e  éch o lo c a tio n  a t  p re se n t  appears  to  be most h ig h ly  
developed i n  b a t s  of th e  sub -o rd e r M ic ro c h iro p te ra ,  most 
of which a re  in s e c t iv o ro u s  and n o c tu rn a l.
3.
This was th e  f i r s t  example of é ch o lo ca t io n  to  be 
d iscovered .  I n  179^, L. Spal lanzan i  e s t a b l i s h e d  t h a t  b a t s  
depend almost completely  on hearing  f o r  o r i e n t a t i o n  and 
h a rd ly  a t  a l l  on s i g h t . (12 ) .  A s e r i e s  of e le g a n t ,  i f  
c r u e l ,  experiments showed t h a t  b a t s  m t h  t h e i r  e a rs  plugged 
were h e lp le s s ,  but b l inded  b a t s  f lew  normally and were able  
to  ca tch  t h e i r  p rey  when re le a s e d .  H. H ar t r idg e  suggested 
i n  1920 (13) t h a t  an éc h o lo c a t io n  mechanism u s in g  very 
h igh-frequency  sounds might e x p la in  t h i s  paradox, and 
th e se  sounds were d e te c te d  by G.W. P ie rce  and D.R. G r i f f i n  
i n  1938 i l h ) .
I t  has now been e s t a b l i s h e d  beyond a l l  doubt t h a t  
t h i s  i s  the  means by which b a t s  nav iga te  and' f in d  t h e i r  
food, and an account of the  experiments performed by many 
workers over the  l a s t  twenty y ea rs  has been pub l ished  by 
G r i f f i n  (15) . I t  has been shown t h a t  small b a t s  can f l y  
a t  speed through b a r r i e r s  of v e r t i c a l  wires  only O.h- mm. 
i n  d iameter  and spaced only one wing span a p a r t .  They 
achieve t h i s  w ith  a c o l l i s i o n  r a t e  f a r  below t h a t  expected 
from random movement, and th e  c o l l i s i o n s  t h a t  do occur a re  
o f t e n  only s l i g h t  ones, such as a l i g h t  b rush  with  the  
wing t i p .  When feed in g ,  the  b a t s  can ca tch  small i n s e c t s ,  
such as mosquitoes ,  a t  th e  r a t e  of one every t e n  seconds 
f o r  up to  30 minutes  ( I 6) . Each cap tu re  i s  accompanied 
by i n t e n s i f i e d  emission  of sound by the  ba t ;  only  with
very  no isy  p rey  does the  b a t  appear to  l i s t e n  p a s s iv e ly  to  
th e  i n s e c t ’ s w ing-bea ts .  The complete manoeuvre may be 
completed i n  l e s s  th an  h a l f  a second, so t h a t  th e  inform­
a t i o n  must be made a v a i l a b le  to  the  animal extremely  q u ick ly .
Photographs taken  by the  American workers have shown 
t h a t  the  b a t  pu rsues  i t s  p rey  w ith  g rea t  accuracy a t  c lo se  
range. I f  s l i g h t  e r r o r s  are  made, and the  i n s e c t  cannot 
be se ized  with  th e  mouth, i t  may be scooped up by th e  t i p  
of a wing (17) . A ll  t h i s  can be accomplished i n  complete 
darkness  or  when th e  eyes are  covered, but when the  ea rs  
a re  c a r e f u l l y  plugged, even a see ing ba t  i n  a good l i g h t  
i s  completely  d i s o r i e n t a t e d  and b lunders  i n t o  l a r g e  o b je c t s .
The b a t  i s  t h e r e f o r e  a h ig h ly  success fu l  s e l f -  
d i r e c te d  m i s s i l e  t h a t  r e l i e s  on i t s  t a r g e t s  f o r  f u e l .
But the  analogy i s  not complete, f o r  b a t s  show an e x t r a ­
o rd in a ry  r e s i s t a n c e  to  jamming. Hunting o f t e n  occurs  with  
apparent  success i n  h ig h ly  compromising s i t u a t i o n s ,  such 
as i n  heavy r a in ,  low over th e  su rface  of water ,  or  
among fo l i a g e  of t r e e s  and hedges. I n  c e r t a i n  p a r t s  of 
th e  world, enormous numbers of b a t s  emerge to g e th e r  each 
n ig h t  from t h e i r  ro o s t in g  p la c e s  i n  caves: th e  background 
no ise  and m u l t i p l i c i t y  of echoes i n  these  c o n d i t io n s  
would appear to  be extremely confusing , y e t  a c c id e n t s  
r a r e l y  happen and th e  i n t e r c e p t i o n  of p rey  i s  continued .
Some sp ec ie s  have been forced  to  f l y  i n  an a r t i f i c i a l  
s o u n d - f ie ld  of  ’’w h i te” no ise  whose frequency band covered
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t h a t  used by the  b a t s .  Wires of 0 .5  nun. d iam eter  were 
avoided almost as well as i n  th e  q u ie t ,  and well above the 
e x p e c ta t io n  f o r  random f l i g h t ,  even when th e  no ise  i n t e n s i t y  
was some 3 ^ ,0 0 0  t imes g r e a t e r  th an  the  c a lc u la te d  i n t e n s i t y  
of the  echoes ( l 5 ,  l 8 ) . This performance shows an 
extremely e f f e c t i v e  r e j e c t i o n  of unwanted s ig n a l s  t h a t  a t  
f i r s t  s ig h t  appears  d i f f i c u l t  to  ex p la in .  However, re cen t  
i n v e s t i g a t i o n s  i n t o  th e  ’c o c k ta i l  p a r t y ’ e f f e c t ,  i n  which 
s in g le  co n v e rsa t io n s  can be d i s t in g u is h e d  from a background 
of no ise  and c h a t t e r ,  suggest t h a t  two ea rs  may be b e t t e r  
th a n  one. A model employing two microphones and a non­
l i n e a r  method of c o r r e l a t i o n  has a l read y  shown cons ide rab le  
improvement over th e  t h e o r e t i c a l  l i m i t  f o r  l i n e a r  devices
(1 9 ) .  Development of t h i s  d e c i s io n  theo ry  may help i n  
unders tand in g  th e  b a t ’ s a b i l i t y  to  deal with s im i l a r  
problems.
So f a r  only two f a m i l i e s  of  b a t s  have been in v e s t ig a t e d  
v ery  thoroughly ,  and they  appear to  have r a t h e r  d i f f e r e n t  
methods of a c o u s t i c  o r i e n t a t i o n .  D e ta i l s  of the  
V e s p e r t i l i o n id a e  a re  known from the  work of R. Galambos,
D.R. G r i f f i n ,  A.D. G r in n e l l ,  A. Novick, and o th e r s  i n  
North America, and of S. D i jk g raa f  i n  Europe, while the  
European and A fr ic an  Rhinolophidae (horseshoe ba ts )  have 
been the  sp ec ia l  study of P.P. Mohres and E. K ulzer .
Only these  two types  can be descr ibed  here ,  bu t  o th e r  
f a m i l i e s  which have been examined are  o f t e n  s i m i l a r  to  th e se .
6 .
or are  to  v a r io u s  e x te n t s  in te rm e d ia te  i n  c h a ra c te r  ( 20- 22) .
The o r i e n t a t i o n  sounds used  by a l l  M ic ro c h iro p te ra  are  
produced v o c a l ly  i n  the  l a ry n x .  The s p e c ia l i z e d  s t r u c tu r e  
of  t h i s  organ was d esc r ibed  i n  d e t a i l  by M.H.A. Robin (23) 
and by H. E l i a s  (2^ ) ,  a l though the  fu n c t io n a l  s ig n i f i c a n c e  
of t h e i r  f in d in g s  was not apparent  a t  the  t ime. O s s i f i c ­
a t i o n  and f u s io n  of the  c a r t i l a g e s  has occurred ,  and the  
i n t r i n s i c  muscles a re  very  well  developed, e s p e c i a l l y  th e  
c r ic o th y r o id s ,  which apply t e n s io n  to  the  two p a i r s  of 
v i b r a t i n g  membranes. The membranes themselves a re  short  
and extremely l i g h t ,  p e rm i t t in g  th e  p ro du c t ion  of very  high 
f r e q u e n c ie s .  I n  th e  Rhinolophidae th e re  are  th re e  
re so n a t in g  chambers opening from the  t ra c h e a ,  and the  g l o t t i s  
i s  r ing-shaped  and can be r a is e d  to  f i t  i n t o  a c a r t i l a g i n o u s  
r in g  around th e  i n t e r n a l  n a re s .  The V e s p e r t i l io n id a e ,  
w ith  few excep t ions ,  produce t h e i r  sounds through the  mouth 
and over a f a i r l y  wide angle ,  while  i n  the  Rhinolophidae 
em iss ion  occurs through the  n o s t r i l s  and i s  beamed forwards.  
This i s  brought about by the  n o s e - l e a f  s t r u c t u r e ,  on the  
snout ( f i g u r e  1 ) ,  which a c t s  as  a horn and r e f l e c t o r ,  and 
by the  n o s t r i l s ,  which are  a ha lf -w ave leng th  a p a r t ,  and 
cause i n t e r f e r e n c e  l a t e r a l l y .  The n o s e - le a f  i s  capable  
of  some movement, to  d i r e c t  the  beam i n  d i f f e r e n t  d i r e c t i o n s ,  
and of changes of  shape t h a t  may a l t e r  th e  p a t t e r n  of 
em ission to  some e x te n t  (25) #
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Both f a m i l i e s  emit the  sounds i n  d i s c r e t e  p u ls e s  t h a t  
may a t t a i n  high ene rgy - leve l  s. Recordings made 10  cm.
2
from a V e s p e r t i l i o n id  show pealcs reaching 60-170  dynes/cm , 
roughly eq u iv a len t  to  the  l e v e l  c lose  to  a pneumatic road- 
d r i l l  and r a t h e r  more th an  an u n t ra in e d  person  can produce 
by shouting .  Rhinolophids may produce even h ig her  
i n t e n s i t i e s .  The p u lse s  of the  V e s p e r t i l io n id a e  are  
v a r i a b l e  i n  d u ra t io n ,  according to  c ircum stances ,  but are  
g e n e ra l ly  very  s h o r t .  The t y p i c a l  pu lse  of a b a t  f l y i n g  
in d o o rs  l a s t s  only  1-^- msec, ( f i g u r e  2 , a and b) ; some 
spec ie s  may produce lo n g e r  p u ls e s  i n  the  open a i r  and 
sh o r ten  them when o b s ta c le s  or  p rey  are  approached. The 
pu l  s e - r e p e t i t i o n  r a t e  i s  v a r i a b l e ,  and can change from 
l e s s  than  10  p e r  second, when c r u is in g ,  to  over 100 p e r  
second when an o b je c t  i s  being in v e s t i g a t e d .  The most 
c h a r a c t e r i s t i c  f e a t u r e  i s  t h a t  th e  f requency  of the  sound 
f a l l s  s t e a d i l y  by n e a r ly  an octave throughout each pu lse  
( f i g u r e  2c) .  The frequency a t  th e  s t a r t  of each p u lse  
v a r i e s  w ith  th e  sp e c ie s ,  between 30  and 120  k c / s e c ;  
s h o r t e r ,  ’c lose  ra n g e ’ p u lse s  b eg in  a t  loi\rer f re q u en c ie s  
th an  the  lo n g e r  ones.
I n  q u ie t  c o n d i t io n s  i t  i s  sometimes p o s s ib le  to  hear 
a s e r i e s  of f a i n t  c l i c k s  as a V e s p e r t i l i o n id  b a t  f l i e s  
about.  Each c l i c k  occurs  a t  t h e  beginning of a p u lse ,  
and by l i s t e n i n g  to  th e se  sounds D i jk g raa f  was ab le  to  
determine the  r a t e  of pu lse  p ro d u c t io n  during v a r io u s
8.
manoeuvres ( 26) .  At the  h igher  r e p e t i t i o n  r a t e s ,  the  
c l i c k s  fo l low  each o th e r  so r a p id ly  t h a t  they  form a 
d i s t i n c t  buzzing no ise  wliose p i t c h  i s  e a s i l y  determined. 
Each c l i c k  c o n s i s t s  of a few waves of sound a t  about
t
10  k c / s e c . , and i t s  i n t e n s i t y  i s  very  much lov/er than  t h a t  
of th e  subsequent h i  g b-frequency sound. Also i t  i s  more 
pronounced i n  s ic k ,  s leepy, o r  v e ry  young b a t s ,  and l e s s  
i n  those  t h a t  show the  g r e a t e s t  s k i l l  i n  avoiding 
o b s ta c le s .  This component t h e r e f o r e  appears  to  p lay  
l i t t l e  p a r t  i n  éc h o lo ca t io n ,  but  i t  may be a^u se fu l  guide 
to  th e  way the  l a ry n x  maizes th e  p u l s e s .  I f  th e  c r ic o ­
th y ro id  muscles are  pa ra ly sed  by c u t t in g  t h e i r  motor nerves ,  
th e  b a t  produces p u l s e s  whose frequency  remains cons tan t  
a t  about 10  k c / s e c .  (1 5 ) .  This may re p re sen t  the  f requency  
of  the  chords a t  t h e i r  r e s t i n g  t e n s i o n  and subsequent 
changes i n  frequency may be i n  some way produced by 
muscular a c t io n .
The p u lse s  of  Rhinolophids a re  much more c o n s tan t  i n  
form (25)* They l a s t  f o r  bO-100 msec, and a re  of very  
cons tan t  f requency, between 85  and 100  k c / s e c .  according 
to  the  spec ie s ,  a l though a f a l l  i n  frequency may be 
observed during th e  l a s t  few m i l l i s e c o n d s  ( f i g u r e  3 )*
P u lse  p rod u c t io n  i s  c o -o rd in a te d  w ith  b re a th in g ,  which i s  
i t s e l f  synchronized w ith  wing movements i n  the  f ly in g  
animal. The p u l s e - r e p e t i t i o n  r a t e  t h e r e f o r e  seldom 
exceeds f i v e  or s ix  p e r  second i n  f l i g h t ,  and i s  not so
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v a r i a b l e  m t h  behaviour as i n  the  V e s p e r t i l i o n id s .  The 
p u l s e s  of bo th  these  f a m i l i e s  show a very low harmonic 
c o n ten t ,  a l though o th e r  b a t s  may produce marked second and 
t h i r d  harmonic components ( 20) .
The ea rs  of  b a t s  a re  h ig h ly  modified f o r  the  re c e p t io n  
of  h igh-frequency  s ig n a l s .  The e x te rn a l  ea r  i s  always 
l a r g e  -  i t s  l e n g t h  may exceed t h a t  of the  body ( f i g u r e  h )  -  
bu t  i t s  s t r u c t u r e  v a r i e s  cons iderab ly .  The V e s p e r t i l -  
i o n id a e  have a f a i r l y  simple immovable lo be ,  with  a well-  
developed t r a g u s  lo ck ing  l i k e  a second, sm al le r  ea r  i n  
f r o n t  of i t .  Several  sugges t ions  have been made concerning 
th e  fu n c t io n  of t h i s  ' e a r l e t ' ,  bu t  so f a r  none has been 
s u b s ta n t i a t e d .  The shape of the  t r a g u s  u s u a l l y  resembles 
t h a t  of the  p inna  ( f i g u r e s  ^ 6) ,  which suggests  t h a t  i t  
p lay s  some p a r t  i n  determining the  ac o u s t ic  p r o p e r t i e s  
of the  ear .
The Rhi nolop hi dae have no t r a g u s ,  but ano ther  lo b e ,  
th e  a n t i  t r a g u s ,  i s  developed as a f o ld  i n  f r o n t  of the  
p inna  and forms a funnel  around the  ea r  canal ( f i g u r e  1 ) .
The two lo b es  do not meet a t  t h e i r  bases  on th e  i n n e r  s ide:  
t h e r e  i s  thus  a second opening to  th e  meatus which faces  
forward and downward along the  snout.  The e a r s  of these  
b a t s  are  f r e e l y  and indep en den t ly  mobile and, when the  
animal i s  awake, a re  kep t  i n  co ns tan t  motion by complex 
m uscula ture  on the  head. They appear to  be actively- 
sea rch ing  f o r  th e  sources of sounds or  echoes, whereas the
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V e s p e r t i l i o n id a e  can only t u r n  the  whole head. P.P. 
Mohres ( 25) has shown t h a t ,  i n  a d d i t i o n  to  th ese  searching 
movements, the  ea rs  are  a l s o  v ib ra te d  forwards and back­
wards a t  r a t e s  up to  50 t imes p e r  second, the  t i p  of the  
ea r  o f t e n  moving through an a rc  of 8-1 0  mm. This 
unusual  a c t i o n  only occurs while the  b a t  i s  em it t in g  
e x p lo ra to ry  p u l s e s ,  and i t  may be re sp o n s ib le  f o r  a low^ 
p i tch ed  buzzing sound t h a t  i s  produced a t  t h i s  t im e. I t  
seems to  be an im por tan t  p a r t  of the  éch o lo ca t io n  
mechanism, s in ce ,  i f  the  ea rs  a re  rendered immobile by 
denerva t ing  th e  ap p ro p r ia te  muscles,  the  b a t  i s  d i s ­
o r i e n t a t e d  i n  f l i g h t .  L a te r  the  animal l e a r n s  to  - 
compensate by performing ra p id  movements of the  whole 
head, and the  a b i l i t y  to  o r i e n t a t e  i s  rega ined  to  some 
e x te n t  ( 28) .  i
The muscles of the  middle ea r  a re  very well  developed, 
These are  the  t e n s o r  tympani and s tap ed iu s ,  r e sp o n s ib le  
f o r  t e n s io n in g  th e  cha in  of o s s i c l e s  t h a t  conducts sound 
from the ear-drum to  the  i n n e r  ea r .  The b u l l a  i s  com­
posed of very  t h i n  bone and i s  r e s t r i c t e d  i n  e x ten t  to  
the  e x te rn a l  s ide  of th e  coch lea  ( f i g u r e  7a) . The 
coch lea  i s  very  l a r g e  and occupies much of th e  p o s t e r i o r  
p a r t  of th e  s k u l l ,  e s p e c i a l l y  i n  th e  Rhi nolop hi dae, where 
th e  two re c e p to r  organs almost meet i n  the  m id - l in e  
( f i g u r e  7, a and b) . The b a s i l a r  membrane i s  very  narrow
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and appears  to  be under  t e n s io n ,  s ince  i t s  support ing  
s t r u c t u r e s  a re  very  well developed ( f i g u r e  8 ) .  On the  
i n s i d e  a re  a th i c k  s p i r a l  lam ina and a very  h igh  limbus; 
to  th e  o u ts id e  the  s p i r a l  l igam ent  i s  ex tremely  l a r g e  and 
i s  f u r t h e r  s t ren g th en ed  by a second s p i r a l  lam ina of bone. 
Many f e a t u r e s  of  t h i s  r e c e p to r  a re  not y e t  unders tood ,  
bu t  they  r e p re s e n t  an extreme form of the  p a t t e r n  u s u a l l y  
a s s o c ia te d  w ith  hea r ing  i n  th e  h igh-f requency  ranges ( 29) .  
This  conc lus ion  i s  supported by a c e r t a i n  amount of 
experim enta l  ev idence.  Cochlear microphonie p o t e n t i a l s  
have been ob ta ined  from V e s p e r t i l i o n i d s  as f a r  as 98 k c / s e c ,  
th e  l i m i t s  of th e  appa ra tus  used  (30) . I n  o th e r  
experiments  b a t s  were t r a i n e d  to  expect food when sounds 
of v a r io u s  p i t c h  were heard ,  and responses  were obtained  
up to  200 k c / s e c .  (3 1 ) .  By comparison, hear ing  i n  man 
seldom extends above 1 7 -2 0  k c / s e c .
Although th e  t o t a l  s iz e  of  th e  b r a in  may be extremely 
sm all ,  the  a u d i to ry  reg ions  of th e  b a t ' s  b r a i n  a re  e x t r a ­
o r d i n a r i l y  well  developed ( 15 ) .  The v i s u a l  c e n t r e s ,  
by c o n t r a s t ,  a re  g r e a t l y  reduced. G r in n e l l  and G r i f f i n
( 3 2 ) have recorded changes i n  e l e c t r i c a l  p o t e n t i a l  a t  
s ev e ra l  l e v e l s  i n '  response to  sound s t im u l i  bu t  e s p e c i a l l y  
a t  the p o s t e r i o r  c o l l i  cu ius .  They found t h a t  th e  
g r e a t e s t  responses  a re  evoked by sh o r t  p u l s e s  of  sound 
and t h a t  p a i r s  of p u l s e s  can be re so lved  when separa ted  
by as l i t t l e  as 1 -5  msec. I n h i b i t o r y  i n t e r a c t i o n  between
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s ig n a l s  from th e  two ea rs  was observed when the  sound was 
p r o je c te d  from c e r t a i n  d i r e c t i o n s .  There was l i t t l e  
evidence of no ise  r e j e c t i o n  a t  t h i s  l e v e l ,  but  sha rp ly  
tuned responses  were ob ta ined  to  sh o r t  tones  as h igh  as 
150  k c / s .
These h igh  f re q u e n c ie s  a re  an im por tan t  f e a t u r e  of 
éch o lo ca t io n ,  as th ey  i n c r e a s e  th e  r e s o l u t i o n  t h a t  can 
be achieved. I n  g e n e ra l ,  waves a re  only r e f l e c t e d  
s p e c u la r ly  by o b j e c t s  whose dimensions a re  very  much 
g r e a t e r  th a n  one wavelength. As s iz e  d ec rease s  th e  
rece ived  energy becomes r e f l e c t e d  more widely, u n t i l  
o b j e c t s  which are  v e ry  small compared w i th  th e  wave­
l e n g t h  s c a t t e r  i n c i d e n t  energy e q u a l ly  i n  a l l  d i r e c t i o n s .  
Wavelength i s  i n v e r s e l y  p r o p o r t io n a l  to  f requency,  and 
th e  sounds used by b a t s ,  i n  the  range 25-120 k c / s e c . , 
have wavelengths of  15-3 mm. They are  th u s  ab le  to  
produce s t rong  echoes from q u i t e  small o b j e c t s ,  bu t  th e  
su cc es s fu l  d e t e c t i o n  of t a r g e t s  sm al le r  th an  t h i s  shows 
t h a t  to  some e x te n t  u s e f u l  echoes may be ob ta ined  from 
s c a t t e r e d  s ig n a l s .
The range a t  which d e t e c t i o n  may occur has been
es t im a ted  by se v e ra l  methods. Using the  i n c r e a s e  of
pul  s e - r e p e t i t i o n  r a t e  of V e s p e r t i l i o n i d s  as a c r i t e r i o n
of d e te c t io n ,  G r i f f i n  (15) has es t im ated  t h a t  b a r r i e r s  of
wire may be d e te c te d  in d o o rs  a t  about 2 m . , a l though  no 
avoid ing  a c t i o n  was talcen u n t i l  th e  b a t s  were much c lo s e r .
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The same b a t s  i n  the  open w i l l  dive 5-6 m. to  i n v e s t i g a t e  
small o b je c t s  thrown i n t o  th e  a i r .  However, by a s e r i e s  
of t r a i n i n g  experiments ,  D i jkg raa f  and MfJhres es t im ated  
t h a t  occuracy of d i s c r im in a t io n  only extends to  a range 
of about 50 cm. ( 3I ,  25). Rbi nolop hid  b a t s ,  on the 
o th e r  hand, appear to  p e rce iv e  t h e i r  surroundings 
a c c u r a t e ly  to  a range of about 6 m. a l though  r e s o l u t i o n  
p robab ly  d ec reases  w ith  d i s t a n c e .
A f u r t h e r  d i f f e r e n c e  between th e  two f a m i l i e s  i s  
seen when th e  e a r s  a re  tem p o ra r i ly  i n c a p a c i t a t e d .  All 
b a t s  are  c a n p le t e ly  d i s o r i e n t a t e d  i f  the  e x te rn a l  e a rs  
a re  c a r e f u l l y  plugged on bo th  s id e s ,  bu t ,  w ith  one ea r  
f r e e ,  a Rhi nolop hid b a t  i s  ab le  to  f l y  p e r f e c t l y  well  
and to  avoid o b s t a c l e s  with  ease .  I n  s t ran g e  c o n t r a s t ,  
th e  V e s p e r t i l i o n i d  b a t  deafened only  on one s ide  i s  l o t h  
to  f l y ,  and when fo rced  to  do so i t  b lunders  about as 
c lum si ly  as when t o t a l l y  deafened.
To summarize, th e  V e s p e r t i l i o n id a e  produce many
s h o r t ,  frequency-modulated p u l s e s  through a wide angle;
t h e i r  e a rs  a re  not mobile , and bo th  must be fu n c t io n in g .
The Rhi nolop hi dae make fewer,  lo n g e r  p u l s e s  of very
con s tan t  f requency ,  and c o n c en t ra te  the  sound i n t o  a
beam with which th ey  scan t h e i r  su rroundings .  The ea rs
move in d ep end en t ly  i n  a complex manner, o r i e n t a t i o n  may
be achieved m onaura lly ,  and they  can p robably  probe 
a c c u r a t e ly  to  g r e a t e r  ranges.
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How do th e se  mechanisms opera te?  What in fo rm a t io n  
do th e  b a t s  o b ta in  about nearby o b jec ts?  Are th e r e  two 
o r  more d i s t i n c t  methods, o r  a re  they  v a r i a t i o n s  of a 
s in g le  one? These fundamental q u es t io n s  cannot y e t  be 
answered, but  s ev e ra l  t h e o r i e s  have been proposed i n  
a t tem p ts  to  e x p la in  th e  mechanism behind th e  observed 
phenomena. The f i r s t ,  t h a t  of  H a r t r id g e ,  resembled 
e a r l y  ra d a r  methods i n  many ways (33) • He supposed t h a t  
th e  b a t  can e s t im a te  the  range of i t s  t a r g e t s  by 
measuring the  time de lay  b e fo re  an em it ted  sound r e tu r n s  
as an echo. Normal b in a u ra l  l o c a t i o n  of th e  d i r e c t i o n  
from which th e  echo comes w i l l  th en  give p r e c i s e  
in fo rm a t io n  about th e  r e l a t i v e  p o s i t i o n  of th e  o b jec t  
concerned. The very  sho r t  p u l s e s  of the  V e s p e r t i l i o n id a e  
were considered  to  be s u i t a b l e  f o r  such a mechanism, as 
th ey  co n ta in  sharp peaks of energy which could be used to  
mark shor t  i n t e r v a l s  of time; th e  form of Rhi nolop h id  
p u l s e s  was not th e n  known.
Under c lo se  examination, se v e ra l  p o in t s  of  d i f f i c u l t y  
a r i s e  regard ing  t h i s  e a r l y  th e o ry  (34-). The time de lays  
in vo lved  are  very  s h o r t ,  and t h e i r  measurement must be 
extremely ac c u ra te  to  e x p la in  th e  s k i l l  observed. A 
c e n t r a l  mechanism capable of t h i s  accuracy must be 
envisaged. I t  i s  known t h a t  th e  time of a r r i v a l  of a 
s in g le  sound a t  th e  two ea rs  can be compared w i th  g rea t  
accuracy ,  but  the  t im ing  of sh o r t  i n t e r v a l s  by th e  same
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e a r  demands a d i f f e r e n t  type of  c e n t r a l  a n a ly s e r .  Yet 
i t  would seem t h a t  range i s  one of the  most im portan t  
p ie c e s  of in fo rm a t io n ,  and echo de lay  i t s  most d i r e c t  
means of measurement.
Again, i t  i s  d i f f i c u l t  to  u nders tand  how th e  b a t  can 
hea r  very  f a i n t  echoes so soon a f t e r  i t  has made such a 
loud  no ise  i t s e l f .  I t  i s  u n l i k e l y  t h a t  much a t t e n u a t i o n  
can  be e f f e c t e d  w i th in  or  around th e  head of  such a small 
animal, and the  mammalian ea r  g e n e ra l ly  expe r iences  a 
r i s e  i n  th re s h o ld  f o l l o m n g  a very  loud sound. H ar t r id g e  
suggested t h a t  c o n t r a c t i o n  of th e  m id d le -ea r  muscles by 
th e  i n t r a - a u r a l  r e f l e x  may damp th e  ea r  during  p u lse  
p ro d u c t io n  and th en  r e s t o r e  s e n s i t i v i t y  f o r  echo 
re c e p t io n .  But th e  f a c t  t h a t  v e ry  h igh  speeds of r e f l e x  
a c t i o n  and muscle r e l a x a t i o n  would be needed make such an 
i d e a  u n te n a b le .  D ire c t  motor c o n t ro l  of th e s e  muscles,  
synchronized w ith  t h a t  of th e  la ry n x  might ach ieve  th e  
r e q u i r e d  r e s u l t ,  bu t  th e r e  i s  no evidence or  p receden t  
f o r  such an arrangement.
Furthermore, a t  the  very  c lose  ranges invo lved  i n  
th e  i n t e r c e p t i o n  of i n s e c t s ,  th e  echo f r o n t  must r e t u r n  
b e fo re  p ro d u c t io n  of  th e  p u lse  i s  completed. This 
over lap  would be expected to  mask th e  f a i n t e r  echo- 
s ig n a l .  G r i f f i n  has suggested t h a t  f requency  m odula t ion  
of  the  p u l s e s  may overcome t h i s  d i f f i c u l t y ,  s ince  th e  
echo de lay  w i l l  ensure t h a t  p u lse  and echo a re  never
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heard a t  the  same frequency a t  th e  same t ime, but  the  
d i f f e r e n c e  must be small a t  very  c lo se  ranges .  The 
problem could a l s o  be reduced i f  the  ba t  employs the  
p r i n c i p l e  of th e  r e c e n t ly  developed c h i r p - r a d a r  ( 35 ) .
This system u s e s  frequency-modulated p u ls e s  s i m i l a r  to  
th ose  of the  V e s p e r t i l i o n id a e ,  and the  r e c e iv e r  
i n c o r p o r a t e s  a d e lay  network whose e f f e c t  v a r i e s  w ith  
frequency .  I f  th e  pu lse  f r o n t  i s  delayed more th an  
subsequent p a r t s ,  th e  emergent p u lse  i s  compressed i n  
d u ra t io n ,  and over lapp ing  echoes may be s ep a ra ted .
I s  i t  p h y s i o l o g ic a l ly  p o s s ib le  f o r  th e  b a t ' s  ea r  to  
c o n ta in  such a f r e q u e n c y - s e n s i t i v e  delay  network?
The a b i l i t y  t o  cope w i th  m u l t ip l e  echoes demands 
t h a t  th e  t iming dev ice ,  whatever i t s  mode of o p e ra t io n ,  
should be ab le  to  handle a s e r i e s  of i n t e r v a l s  
s im ultaneous ly  and to  d i s c r im in a te  between them. The 
e x te n t  to  wliich some b a t s  can deal  with such s i t u a t i o n s  
would p lace  ve ry  g r e a t ,  though not n e c e s s a r i l y  in s u p e ra b le ,  
demands on such a system.
Mohres has r e j e c t e d  th e  i d e a  of d e lay - t im e  
measurements f o r  th e  Rhinolophids because of th e  long 
d u ra t io n  and low r e p e t i t i o n - r a t  es of the  sounds made by 
th e s e  b a t s .  There a re  no sharp energy-pealcs i n  th ese  
p u l s e s ,  so t h a t  only th e  r e l a t i v e l y  in f r e q u e n t  p u lse -  
f r o n t s  and t r a i l i n g  edges could be used  f o r  t im ing ,  and 
c h i r p - r a d a r  p r i n c i p l e s  cannot apply .  I n s t e a d ,  Mohres
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sugges ts  t h a t  th e  b a t s  observe th e  loudness  of echoes 
while  scanning m t h  t h e i r  beam of u l t r a s o u n d  and with 
t h e i r  presumably h ig h ly  d i r e c t i o n a l  e a r s .  The bea r ing  
of  echo t a r g e t s  i s  then  e a s i l y  ob tained  from p ro p r io ­
c e p t iv e  in fo rm a t io n  and the  range could be o b ta ined  by 
a p rocess  of t r i a n g u l a t i o n ,  a l though  the  b a s e - l i n e s  
inv o lv ed  are  very  small .  This method could o p e ra te  
monaura lly ,  and th e r e f o r e  s a t i s f i e s  the  o b se rv a t io n s  on 
t h i s  p o in t .
The problem of masking i s  here even g r e a t e r  th a n  f o r  
V e s p e r t i l i o n i d s .  The sound does not change frequency ,  
and th e  d u ra t io n  of  each p u lse  w i l l  ensure t h a t  over lap  
of p u lse  and echo occurs  up t o  a range of sev e ra l  m etres .  
I t  i s  hard to  b e l i e v e  t h a t  th e  b a t  could h ea r  any bu t  th e  
lo u d e s t  of echoes, and minute o b s e rv a t io n  of t h e i r  
i n t e n s i t i e s  would be very  d i f f i c u l t .
A genera l  th eo ry  a p p l ic a b le  to  n e a r ly  a l l  Micro- 
c h i r o p t e r a  has r e c e n t l y  been advanced by the  au th o r  (34-) 
i n  an a t tem pt to  overcome some of th ese  problems. I t  
i s  r a t h e r  s t r i k i n g  t h a t  th e  maximum ranges a t  which each 
type  i s  thought to  l o c a t e  o b j e c t s  a c c u ra te ly  a re  tho se  a t  
wMch t h e i r  r e s p e c t iv e  p u l s e s  and echoes j u s t  over lap .  
P o s s ib ly  th e  ov e r lap ,  which would seem to  mask a t  l e a s t  
p a r t  of each echo, may be a necessa ry  p a r t  o f  th e  
d e t e c t i o n  mechanism. I t  i s  suggested t h a t  under  th e se  
co n d i t io n s  th e  b a t  may not a t t e n d  to  the  echo i t s e l f ;
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i n s t e a d ,  he l i s t e n s  to  b e a ts  between the  echo and the  
o r i g i n a l  c a l l .  I f  b e a ts  occur a t  a f requency  g r e a t e r  
th an  the  lower l i m i t  of hea r ing ,  they  could be heard as 
a s e p a ra te  no te ,  a b e a t -n o te .
For the  frequency-modulated p u lse s  of the  
V e s p e r t i l i o n i d s ,  th e  frequency of the  b e a t - n o te  w i l l  be 
c h a r a c t e r i s t i c  of th e  echo de lay  and th e r e f o r e  of the  
range of the  t a r g e t  ( f i g u r e  9 ) .  Frequency a n a ly s i s  by 
th e  cochlea  could th us  p rov ide  an accu ra te  method of 
measuring the  v e ry  sh o r t  t i m e - i n t e r v a l s  in vo lved .  Since 
th e  frequency  of  the  p u lse  seldom changes by more th an  
an octave (a  f a c t o r  of two), t h e  b ea t  f re q u e n c ie s  w i l l  
n e a r ly  always be below those  of the  p u lse  and echo, so 
t h a t  problems of masking w i l l  be much reduced. M u l t ip le  
t a r g e t s  may be .d i s t in g u ish e d ,  as  each echo produces a 
s e p a ra te  b e a t - n o te  and the  cochlea  i s  known to  be ab le  to  
d i s c r im in a te  between simultaneous u o te s  of d i f f e r e n t  
f r e q u e n c ie s .  A comparison of b e a t - n o te s  produced i n  
each ea r  could a l s o  give d i r e c t i o n a l  in fo rm a t io n .
The same i d e a  has been pu t  forward in d ep en d en t ly  by 
L. Kay ( 36) . He f u r t h e r  sugges ts  t h a t  an e x te n s io n  of 
range could be achieved i f  th e  b a t  r e p e a t s  each p u lse  to  
i t s e l f  a f t e r  a c o n t ro l l e d  de lay  and so produces b e a t s  
w i th  l a t e r  echoes. Without a p ro v i s io n  of  t h i s  k ind ,  
one must assume t h a t  th e  b a t s  t h a t  d e te c t  w ire s  a t  d i s t a n c e s  
g r e a t e r  th a n  h a l f  th e  p u l s e - l e n g t h  i n  a i r  must be u s in g  
ano the r  mechanism. But d e t e c t i o n  of an o b je c t  does not
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n e c e s s a r i l y  i n d i c a t e  t h a t  the  b a t  p ossesses  exact
knowledge of i t s  p o s i t i o n .  P o s s ib ly  l i t t l e  in fo rm a t io n
i s  gained from th e  d i s c r e t e  echoes heard a t  f i r s t ,  and
accuracy  i s  ob ta ined  only when th e  range i s  reduced and
over lap  occurs .  The a g i l i t y  of b a t s ,  which can t u r n  i n
30  cm. or l e s s ,  makes i t  very  d i f f i c u l t  to  judge how much
in fo rm a t io n  they  have when 2 m. from an o b s ta c le .
N eve r the less  th e  i n i t i a l  d i r e c t i o n a l  p e r c e p t io n  of i n s e c t s
appears  to  be very  good (15) •
The bea t  th e o ry  ap p l ied  to  Rhi nolop hid p u ls e s
p ro v id es  a s e n s i t i v e  method f o r  th e  d e t e c t i o n  of Doppler
s h i f t s  ( f i g u r e  10) . The b a t  f l y i n g  towards an o b s ta c le
could  measure the  approach v e l o c i t y ,  as t h i s  i s
p ro p o r t io n a l  to  th e  b e a t  f requency .  But, p robab ly  more
im p o r tan t ,  i t  p ro v id es  a method of p reven t in g  masking.
At th e  r e l a t i v e l y  high speed of 10 m /sec . ,  a p u lse  of
100.00 k c / s e c .  (a s  used  by Rhinol on hus h innos ideros)
w i l l  r e tu r n  as  an echo of 106.25 k c / s e c .  and so produce
a b e a t -n o te  of 6 .25  k c / s e c .  This i s  p robab ly  the
maximum value  t h a t  w i l l  be encountered , and th e  o r i g i n a l
p u l s e  w i l l  h a rd ly  i n t e r f e r e  w ith  i t s  d e t e c t i o n .  At the
same time the  mechanism i s  extrem ely  s e n s i t i v e  to  the
very  low r e l a t i v e  v e l o c i t i e s .  L o ca t ion  of  the  t a r g e t  may
th e n  be achieved by observing the  loudness ,  not o f  the
echo as Mohres sugges ts ,  bu t  of b e a t - n o te s  from i t  and 
th e  c a l l .
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For t h i s  method to  work, the  ea rs  of the  R h ino- '  
lop  hid must be h ig h ly  d i r e c t i o n a l ,  and here th e  very  rap id  
v i b r a t i o n  of the  pinnae may help .  I f  each p inna  a c t s  as 
a r e f l e c t o r  f o r  c o l l e c t i n g  echoes, i t s  own movement w i l l  
i n t ro d u c e  a range of  Doppler s h i f t s  which w i l l ,  a t  any 
i n s t a n t ,  be p roport ional ,  to  th e  v e l o c i t y  of each p a r t  of 
th e  c o l l e c t in g  su r fa c e .  Thus th e  ea r  v i b r a t i n g  a t  
50 c / s e c .  w i l l  produce a range of  b e a t - n o te s  ( f i g u r e  11 ) .  
The 100 c / s e c .  component of t h i s  m ixture  w i l l  predominate, 
as  i t  w i l l  synchronize w ith  the  ea r  movements. The 
e f f e c t  w i l l  be g r e a t e s t  f o r  an echo re tu rn in g  i n  the  
d i r e c t i o n  of  e a r  movement and w i l l  decrease  to  e i t h e r  side, 
Even th e  s t a t i o n a r y  b a t  can d e t e c t  s t a t i o n a r y  o b je c t s  by 
t h i s  means, as th e  v e l o c i t y  component i s  supplied  
' a r t i f i c i a l l y * .  Of course ,  i f  th e  o r i g i n a l  p u lse  from 
th e  n o s t r i l s  were heard a f t e r  r e f l e c t i o n  from th e  moving 
p inna ,  i t  would exper ience  s i m i l a r  Doppler s h i f t s  t o  those  
of th e  echo and no p a r t i c u l a r  b e a t -n o te  component would 
predominate .  I t  i s  t h e r e f o r e  suggested t h a t  th e  second 
opening to  th e  e a r  cana l ,  a t  th e  non-moving base of the  
p inna ,  may a c t  as a pathway f o r  th e  'd i r e c t*  s ig n a l .  As 
may be seen i n  f i g u r e  1 , th e  v e n t r a l  a p e r tu re  f a c e s  along 
th e  snout towards a deep groove i n  th e  p e r ip h e ry  of th e  
n o s e - le a f  ' t r a n s m i t t e r * .
One of  th e  methods of d e te c t in g  b e a t - n o te s  i s  t o  add 
th e  two o r i g i n a l  s ig n a l s  to g e th e r  and then  t o  su b je c t  them
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to  n o n - l in e a r  d i s t o r t i o n .  The f i r s t  a c t i o n  occurs  w i th in
th e  meatus, and th e re  i s  evidence t h a t  th e  second may
occur w i th in  th e  e a r .  S tud ie s  of th e  coch lea r  micro-
phonic p o t e n t i a l s  of  c a t s  and g u inea -p ig s  have shown ( 37 )
t h a t  s t ro n g ly  n o n - l in e a r  c h a r a c t e r i s t i c s  appear when th e
2
e a r  i s  overloaded a t . i n t e n s i t i e s  of 1 -1 0  dynes/cm .
I n  view of the  very  much h ig her  i n t e n s i t i e s  produced by 
b a t s ,  i t  would be s u r p r i s in g  i f  s t r a y  sounds from the  
mouth or  n o s t r i l s  d id  not reach  th e se  l e v e l s  a t  the  ea r .  
I n s t e a d  of t h i s  s ig n a l  being an embarrassment by masking 
echoes, i t  may be an e s s e n t i a l  p a r t  of the  mechanism.
The s i t e  of d i s t o r t i o n  w i th in  the  ea r  i s  the  source of 
some co n trov e rsy ,  bu t  th e r e  i s  some evidence t h a t  th e  
type  of d i s t o r t i o n  b e s t  s u i t e d  to  b e a t -n o te  d e t e c t i o n  
i s  caused by c o n t r a c t io n  of  th e  m id d le -ea r  muscles ( 38 ) .  
This may ex p la in  t h e i r  w ell-developed  c o n d i t io n  i n  the  b a t .
Normally b e a t - n o te s  a re  not  very  loud to  th e  human 
e a r ,  as the  degree of  d i s t o r t i o n  p re se n t  i s  low, bu t  under  
optimum c o n d i t io n s ,  t h a t  may well  occur i n  th e  b a t ' s  ea r ,  
the  b e a t -n o te  ampli tude can approach t h a t  of th e  sm alle r  
s ig n a l ,  i n  t h i s  case  th e  echo. I n  o rde r  to  see how well 
t h e  human ea r  can d i s c r im in a te  th e  p o s i t i o n  of o b j e c t s ,  a 
model has been b u i l t  as  shown i n  f i g u r e  12. D i s t o r t i o n  
i s  provided by a d e t e c to r  i n  co n jun c t io n  w i th  a r t i f i c i a l l y  
genera ted  b a t - l i k e  sounds, and th e  o p e ra to r  i s  e a s i l y  ab le  
to  d e te c t  o b je c t s  i n  any of th e  t h r e e  modes proposed above.
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Another model u s in g  the  same p r i n c i p l e  but  d i f f e r e n t  i n  
d e t a i l  has been co n s t ru c te d  by Kay, and s im i l a r  r e s u l t s  
have been ob ta ined .
The b e a t - n o te  theo ry  supports  r a t h e r  th an  i n v a l i d a t e s  
th e  co n c lu s io n  a l re a d y  reached by o th e r  workers. I t  
a t tem p ts  only to  suggest a method whereby some of  the  
expected r e s u l t s  may be ob ta ined  and many of th e  drawbacks 
avoided. By proposing  a common p h y s io lo g ic a l  b a s i s  f o r  
th e  d i f f e r e n t  systems observed i t  a llows a wide range of 
i n t e rm e d ia te  co n d i t io n s  and f a c i l i t a t e s  s p e c u la t io n  about 
th e  e v o lu t io n  of  th e se  systems. I t  throws no l i g h t ,  
however, on th e  s i g n a l - t o - n o i se problem, nor can i t  be 
ap p l ie d  to  th e  é c h o lo c a t io n  systems of o th e r  animals .
Whether the  b a t s  do i n  f a c t  u se  one of  the  many 
methods suggested so f a r ,  o r  whether they  have o th e r  more 
s u b t l e  means a t  t h e i r  d i s p o s a l ,  can only be decided by 
f u r t h e r  i n v e s t i g a t i o n .  This promises to  be very  
e x c i t i n g ,  and a b e t t e r  u n d e rs ta n d in g  of th e  b a t ’ s speed, 
accuracy, and r e s i s t a n c e  to  jamming may well  be of 
i n t e r e s t  i n  f i e l d s  f a r  removed from the  study of small 
mammals.
23.
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FIGURE 1 -  The head of Rhinol onhus ferrum-eauinum 
( Rhi nolop hi dae) , th e  g r e a t e r  horseshoe b a t  (x3) • The 
n o s t r i l s  are  s e t  c lo se  to g e th e r  a t  th e  c e n t r e  of th e  
complex n o s e - l e a f  t t ia t  g ives  t h i s  animal i t s  name.
The a n t i t r a g u s  i s  here  seen edge-on ac ross  th e  base of 
th e  ea r .
FIGURE 2 -  (a) and (b) Cathode-ray o s c i l lo g ra p h  t r a c e s  
of p u ls e s  produced by Nycta lus  n o c tu la  (V e s p e r t i l io n id a e )  
in d o o rs .  The h o r i z o n ta l  b a r s  of the  time marking s ig n a l  
a re  each 0 .1  msec, i n  d u ra t io n ,  (c) The end of  a s im i l a r  
p u lse  expanded t o  show th e  continuous f a l l  i n  frequency .  
Each h o r iz o n ta l  b a r  r e p r e s e n t s  0.1 msec.
FIGURE 3 -  P a r t  o f  an o s c i l l o g r a p h  record  of a p u lse  
from Rhinol on hus f  errum-equinum. The time b a r s  a re  
0 .1  msec, long ,  and a t o t a l  of 54- msec, has been removed 
from th e  two gaps i n  th e  t r a c e .  Frequency i s  very
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cons tan t  but  f a l l s  i n  the  l a s t  1 .5  msec. The t r a c e  reads 
from l e f t  to  r i g h t .
FIGURE h  -  The head of P le c o tu s  a u r i t u s  (V e s p e r t i l io n id a e )  , 
th e  lo n g -ea red  b a t  (x3) • The e x te rn a l  e a r s  a re  
enormously developed and are  held forwards i n  f l i g h t .
The t r a g u s  i s  long and p o in ted ,  and the  snout has no 
appendages.
FIGURE 5 -  The head of Myotis m yotis  ( V e s p e r t i l i o n id a e ) ,  
th e  mouse-eared b a t  (x2.7) • The ea rs  a re  long but  are  
r e l a t i v e l y  much sm al le r  th a n  i n  P l e c o t u s .
FIGURE 6 -  The head of Nycta lus  n o c tu la  ( V e s p e r t i l i o n ­
i d a e ) , the  n o c tu le  ( x 2 . 5) # The e a r s ,  here seen i n  a 
re laxed  p o s i t i o n ,  a re  rounded w i th  an almost reniform  
t r a g u s .
FIGURE 7 -  (a) V en tra l  view of th e  sku l l  of Rhinolonhus 
ferrum-equinum ( x 2 .6 ) .  The l a r g e  p ro p o r t io n s  of the  
coch lea  are  appa ren t ,  bu t  th e  b u l l a e  which enc lose  th e  
middle ea r  a re  r e s t r i c t e d  to  r in g s  of t h i n  bone on the  
o u te r  s ide  of each coch lea ,  (b) An X-ray photograph of 
th e  same s k u l l  t o  show th e  f u l l  ex ten t  of th e  coch lea .
FIGURE 8 -  A photomicrograph of a s e c t io n  of one t u r n  of 
th e  cochlea  of Rhinol on bus f  errum-equinum. b.m. = b a s i l a r  
membrane; Lim.=limbus; P .S .L .=pr im ary  s p i r a l  lamina;
27.
S .L ig .= s p i r a l  l igam ent;  S .3 .L . =sëcondary s p i r a l  lamina.
FIGURE 9 -  A diagram of the  p o s s ib l e  c o n s t ru c t io n  of a 
b e a t - n o te  from a V e s p e r t i l i o n id  p u lse  and i t s  echo. The 
b e a t  frequency ( f )  i s  d i r e c t l y  p ro p o r t io n a l  to  the  range 
( r )  of the  t a r g e t .
FIGURE 10 -  A diagram showing the  p ro d u c t io n  of a b ea t -  
no te  from a Rhi nolop hid p u l s e .  The b e a t  f requency  i s  
p ro p o r t io n a l  to  the  r a t e  of  change of range ( d r / d t ) ,  or  
th e  r e l a t i v e  v e l o c i t y  of b a t  and t a r g e t .
FIGURE 11 -  A diagram of th e  b e a t - n o te s  which could be 
produced by ea r  v i b r a t i o n  i n  a Rhi nolop hid .  The 
component whose frequency  i s  tw ice  t h a t  of th e  e a r  move­
ments (o r  h igher  even m u l t ip le s )  w i l l  remain coherent  and 
so w i l l  predominate.  The b e a t - f re q u e n c y  and Doppler- 
s h i f t  s c a le s  a re  here exaggerated  f o r  c l a r i t y .
FIGURE 12 -  A block diagram of  the  appara tus  used to  t e s t  
t h e  a b i l i t y  of th e  human e a r  t o  d e te c t  o b je c t s  by b ea t -  
no te  éc h o lo c a t io n .  The g e n e ra to r  produces d i f f e r e n t  ty p es  
of b a t - l i k e  sounds, and b e a t - n o te s  produced ivith th e  echoes 
a re  heard th rough headphones. The ’v i b r a t i n g  ear* 
r e f l e c t o r s  f o r  each microphone have been omitted from the 
diagram f o r  s im p l i c i t y .
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Ormerod, F. C. and Pye, J .D .  I 96 I .  Acta  O to la rv n g . .  S tockh .
( i n  th e  p r e s s ) .
U npublished  a b s t r a c t .
This  pape r  forms th e  te x t  o f  an add ress  read  by 
P r o f e s s o r  F.C. Ormerod a t  th e  Collagium of O to la ry n go l­
o g i s t s  a t  Padua i n  1 9 6 O. A f t e r  in t r o d u c in g  th e  s u b je c t  
of  e c h o - lo c a t io n  w i th  an account o f  th e  s k i l l  which b a t s  
can  ach ieve ,  P r o f e s s o r  Ormerod d e s c r ib e d  h i s  own ana tom ica l  
s t u d i e s  of  th e  l a r y n x  and coch lea  of th e s e  an im als .
S p e c ia l  account was t a k e n  of  th e  sounds produced f o r  
o r i e n t a t i o n  and th e  n a tu r e  of  th e  echoes which must be 
d e t e c t e d .  The second h a l f  o f  th e  pape r  in t ro d u c e d  a new 
th e o r y  of th e  way i n  which b a t s  may o b t a i n  in f o r m a t io n  
from t h e i r  echoes,  as  p u b l i s h e d  by Pye, J .D .  I 9 6 O 
(J .L a r v n g . 7^, 718-29) • The a d d re s s  concluded w i th  a 
s h o r t  f i lm ,  made a t  th e  I n s t i t u t e  o f  Laryngology and 
Otology, o f  th e  model, c o n s t ru c te d  by th e  second au th o r ,  
which d em on s tra tes  t h e  a b i l i t y  of  th e  human e a r  to  
accom plish  e c h o - l o c a t i o n  by b e a t - n o t e s .
